ABSTRACT

CHENG KANG LI.  The Use of Polycyclic Aromatic Hydrocarbons
as Source Signatures in Receptor Mdeling. (Under The
Direction of Professor Richard M Kanens)

The identification of combustion sources with

pol ycyclic aromatic hydrocarbons (PAH) source signatures in
the chem cal mass bal ance nodel (CMB) was examined in this

study. Three combustion sources, residential wood
conbustion, gasoline and diesel vehicular emssions, were

I nvestigated. Source PAH em ssions were characterized and
each source em ssion was expressed as a source pattern with
a specific concentration. A normalized concentration method
whi ch takes advantage of the pattern characteristic was
devel oped to provide effective separation in two-source
conditions. \Wen PAH reactivity is introduced, a CMB node
with a continuous stirred tank reactor (CSTR) decay factor
(Friedlander 1981) was used for anbient sanples. Reasonable
predictions were obtained in two case studies in which PAH

data exist and source receptor nodeling was undertaken using

ot her tracers.
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I . 1 NTRODUCTI ON

Pur pose
The purpose of this report is to explore the use of
pol ycyclic aromatic hydrocarbons (PAH) as organic tracers or

source signatures in a receptor nodel to identify different

conbusti on sources.

Need for research

Over the past two decades, receptor source-
apportionnment nodel s have been devel oped to assist in
defining control strategies for particulate pollutant. The
nost wi dely used receptor nodel is Chem cal Mass Bal ances
(CvB). The basic concept of the CVB nodel is that
conpositiofi patterns of em ssions fromvarious classes of
sources are different enough that one can identify their
contributions by neasuring concentrations of nmany species in
sanples collected at a receptor site.

Trace el enents have been used successfully as tracers
to identify different kinds of sources, such as: soil,
i ndustrial em ssions, secondary particulates fromcoal fired
power plants and vehicles em ssion. Before 1986, Pb and Br

wer e abundant in autonotive fuel, and those el enents were
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effective tracers for autonotive enm ssions. Today in the
United States autonotive fuel no | onger contains significant
anounts of Pb and Br, and, therefore, those el enents no
| onger are useful tracers for autonotive eni ssions.
In addition, other sources, such as honme heating oi
conbusti on, honme heati ng wood conbusti on, petrol eum
refinery, al”o lack effective tracers for source
identification. All of the above eni ssions cone from fossil
fuels or vegetative materials and contain | ow or unstable
el enental tracers. Thus, different studi es have suggested
t hat organi c conpounds nay show sone promni se as alternatives
to trace elenents as tracers for source identification
(Dai sey et al. 1986, Gordon 1988).

Anong the characteri zed organi c em ssions from
di fferent conbustion sources, polycyclic aromatic
hydr ocarbons (PAHs) are often suggested as possible tracers
(Dai sey et al. 1986, Sinobneit 1984). PAHs are produced
mai nly by high tenperature i nconplete conbustion reactions
of organic materials including fossil fuels. Different
i nvesti gators have suggested that conpositional differences
in PAH conpounds resulting fromthe combustion of different
fuel s can be exploited for source identification (Gordon and
Bryan 1973, Daisey et al. 1979, Daisey and Lioy 1981).

Al t hough the use of PAH compounds seens reasonabl e, the
progress of organic receptor nodeling is still restricted by

a | ack of know edge of the atnospheric chem cal reactivity
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of PAHSs. Wthout this information to estimte the
representati ve PAH signatures for the receptor, the nodel
will fail because of incorrect input data. To avoid a
reactivity effect, some anbi ent studi es have used organics
as tracers in receptor nodels during wi nter nonths when
little degradation in the tracers is predicted (M guel et
al. 1989, Larson et al. 1988).

Control |l ed outdoor chanber studies at University of
North Carolina at Chapel H Il have been used to devel oped
enpirical expressions to estinmate the decay rate constants
of PAH conpounds on at nospheric wood soot particles. The
reaction rates can be determ ned fromtenperature, humdity,
and sunlight intensity (Kanens et al. 1988). |I|ncorporation
of decay constants into the PAH source signatures nay
i nprove their use as tracers in organic receptor nodeling.
This report will exam ne the conpositional differences
bet ween PAH source profiles from gasoline, diesel and wood
conbustion and will explore the use of these data to devel op

a nmet hodol ogy for using PAHs conpounds as tracers for source

identification.

Literature review
Based on source inventories and neteorol ogi cal
paraneters, source oriented dispersion nodels have been the

primary tools for estimting the inpact of a particular

source at a receptor site. Budiansky (1980) reviewed the


NEATPAGEINFO:id=67674F49-AE62-4391-AC65-6361A2C8B3E7


use of dispersion nodels and showed that when these nodels
are used in assessing source inpacts, the error in predicted
contributions may vary from30%to a factor of 2, depending
on averaging tinme, the spatial scales and the terrain.
However the major uncertainty is in the source em ssion
rate, according to Van der Horven, chief of the National
Cceani ¢ and At nospheric Adm nistrations Air Resources

Envi ronnmental Laboratory (Budiansky 1980). Unfortunately,
the source termis not often well known to within a factor
of 2. Moreover, dispersion nodels have certain difficulties
in predicting short-terminpacts and i npacts from non-stack
sources. Because of the difficulities, the use of receptor
ori ented nodel s has becone nore appealing since the 1970's
(Cooper and Watson 1980).

Receptor oriented nodels use source "fingerprints” in
receptor sanples to assess the contributions fromvarious
sources to a sanple site (Cooper and Watson 1980). The
fingerprint can be either the chem cal or physica
characteristics of source emssions. In this paper, we wll
be only concerned about chem cal characteristics.

The Chem cal W©Mass Bal ance net hod, based on trace
el ement spectra, was proposed first by Mller et al. (1972)
and Friedlander (1973). This nethod has been applied in
California (Gartrell and Friedl ander 1975), Wshington, D.C.
(Kowal czyk et al. 1982), and Phil adel phia (Dzubay et al.

1988) .


NEATPAGEINFO:id=80A66852-9C75-4396-9AE8-8551523CA4E1


Fri edl ander (1973) classified particulate sources into
three types. They were primary natural sources, primry
man- made sources, and secondary aerosol formation. Natura
sources include soil dust and sea salt. Man- made sources
i ncl ude aut onobi |l e exhaust, fuel oil, fly ash, cenment dust,
and industrial em ssions. Secondary aerosols are primarily
conposed of carbon and sulfate plus related ions and water.
For exanple, in a study in Washington, D.C (Kowal czyk et
al . 1982) seven sources were identified with eight marker

el ements. The predicted contribution fromeach source is

shown in Table 1.

Tabl e 1: Source contributions at Washi ngton, D.C. study

Sour ce Mar ker El enent Predi cted Contri buti on
(ug/nt)

coal Al , As, Fe 5 5

Soi | Al , Fe, M 21.4
Ref use zZn 1.3
Mbt or vehi cl e Pb 8.7
Sea salt Na 0.9

al Y 0.7
Secondary

aer osol s S04, NH4, NO3 15. 4
Total predicted nmass concentration 53.9

CObhHhs v ved T =S (=)

Many studi es show that autonobile em ssions play an
inmportant role in urban areas. For exanple, 20-25%of the
total suspended particulates (TSP) are contributed by
aut onobile em ssions in New York city (Kl einman 1980), and

16% i n Washington D.C. (Kowal czyk et al. 1982). Al though
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only 4-6% of the mass of PM 10 particles (particle dianeter
snmaller than 10 um related to vehicle exhaust in
Phi | adel phia (Dzubay et al. 1988), and 8.2% was related to
the nass of TSP in Pasadena, California (Friedl ander 1973),
vehi cl e exhaust is still a major contributor anpng man- nade

After the oil enbargo occurred in 1973, residentia
wood combusti on becane popul ar, and the resulting em ssions
have becone w de spread (Cooper 1980, Quraishi 1985). The
first direct determnminations of the inpact of wood eni ssions
wer e made by Cooper (1980) in Portland, Oregon with two
met hods, nanely chem cal mass bal ance and C 14 neasurenents.
Each of these two nethods i ndependently showed that 51% of
the respirable air particulates in January 1978 (35ug/nt)
were from wood snoke in Portl and.

The reason to investigate eni ssions fromwood snoke is
not only because of the mass of pollutants enitted, but
because of the respirable nature and chem cal conposition of
the em ssions (Quaraishi 1985). Meyer (1981) reported that
approxi mately 40% of the total polycyclic organic nmatter,
which is the nost significant health hazard in residentia
wood combusti on enissions, may be related to residentia
wood conbustion in the United States. Many PAH conpounds
are suspected hunan carci nogens.

Al t hough the CMB nodel has been successfully applied in

many areas to identify specific sources, there are a few
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[imtations in using it with elenental tracers. For
exanpl e, sources sharing a simlar em ssion pattern, cannot
be differentiated. Thus, sources that |ack a unique

el emental signature will be difficult to distinguish on the
basis of el enental data only.

Typi cal Pb concentrations due to notor vehicle
emssions in the United States have declined from1-2 ug/nt
in 1972 (Friedlander 1973) to 180 ng/m in 1982 (Dzubay
1988). It has also been a worldwi de trend to reduce the
| ead content of gasoline in order to reduce | ead em ssions
into the atnosphere. The Pb concentration is expected to
continue to decline. By 1990 | ead contai ni ng gasoline
becane unavailable in many parts of the United States.
Therefore, an alternative tracer for identification of notor
vehicle em ssions is necessary (CGordon 1988, Daisey et al.
1986). Moreover, diesel engines emt particulate matter at
a rate 30-100 tinmes higher than does an equival ent sized
gasol i ne powered engi ne (NRC 1982), but we |ack a unique
tracer to distinguish diesel from gasoline engines.

As for wood conbustion, potassium (K) is the nost
frequently used tracer (Watson 1979, Gordon 1988). But, it
is far fromideal. Gordon (1988) indicated that "it is
risky to use total K for wood combustion unl ess one has
extensi ve know edge of the many other sources of K, such as
lime kilns, soil, and incinerators.” Also, K em ssions may

vary on a |large scale, between 530 and 230,000 ug of "K' per
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g of particle emtted. It also is not consistent between
different kinds of stoves or fireplaces and nay change under
di fferent operating conditions (Hopke 1985). Sexton et al.
(1985) reported that because of the uncertainty of K in wood
soot, the CVMB approach was not appropriate to estimte the
contri bution of wood conbustion in Waterbury, Vernont
project. On the other hand, Lewis et al. (1986) discovered
a way to use fine particle corrected potassi um concentration
(KY'" inamltiple linear regression (M-R) nodel and
obt ai ned very good wood conbustion results in Denver. To
obtain a purer tracer variable, the corrected K was
generated by subtracting the Kin estimated fine soi
contri bution fromthe neasured K concentrati on. The success
of this study in Denver was nost probably due to a good
knowl edge of the sources as obtained by factor anal ysis and
the fact that wood snoke and soil were the only inportant
sources of K in Denver. Because inorganic elenments can not
al ways provi de adequate CMB signatures to identify
conbusti on sources, organi c conpounds have been consi dered
to be inportant alternatives (Gordon 1988).

Car bonaceous conpounds or organi c conpounds constitute
a major fraction of gaseous and particulate air pollutants.
Many gas phase volatile organic conpounds (VOC) and particle
phase sol vent extractabl e conpounds have been characterized
in different sources. Scheff et al.(1989) have eval uated 10

sources of VOC and devel oped source fingerprints. These
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sources were categorized into three major groups: (1)
vehi cl es, gasoline vapor and petroleumrefineries, (2)

sol vent sources including architectural coating, print ink
and auto painting, and (3) the sources of chlorinated

organi cs, including vapor degreasing, dry-cleaning and
waste-water treatnent. The fingerprints were presented for
a group of 23 conpounds, including C2-C6 al kanes, aromatics
and chl orinated organics. The conclusion fromthis study
was that the fingerprints have general applicability.

Chem cal mass bal ance with VOC fingerprints has been applied
for wwnter-time source-reconciliation of ambient organics in
t he Chicago metropolitan area (Aronian et al. 1989, O Shea
et al. 1988). The average predictions were generally very
consistent with em ssion inventories. Aronian et al. (1989)
concluded that "This study denponstrates that the CMB can be

applied to anbient air concentrations of organic conpounds

and be used to evaluate and validate an area's emni ssion
i nventory."

Particl e phase sol vent extractive conpounds from
conbustion particles include hydrocarbons, esters, ketones,
PAH, nitro-PAH, oxy-PAH, phenols, organic acids, and so on.
Sone specific conpounds |i ke PAH showed a strong
carci nogeni c and nutagenic health risk in epidem ol ogi ca
studi es and studies on aninals (LRE 1978, Bond et al. 1980,
Handa et al. 1984). The characteri zati on of these conpounds

shows that petrol eumresidues are nmajor and usually
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predom nant conmponents of the extractabl e organi c conpounds
fromaerosols in urban and suburban areas (Sinoneit 1982,
1984)« Boone (1987) neasured nethyl and |inear C24-C30
al kanes in anbi ent and source aerosols, and suggested that
al kane i soner conposition may provide a val uable tool for
di stingui shing between em ssions from unl eaded gasoline
fuel ed and diesel fueled vehicles. Sinoneit (1985)
indicated that the sterane and 17(H)-hopane distribution
signatures are specific for petroleumresidues. These
conmpounds can be used for distinguishing vehicular exhaust
fromthe natural background. Hawthorne et al. (1989)
I ndi cated that guai acol derivatives should be the usefu
tracers for wood snoke pollution regardl ess of the type of
wood burned and syringol derivatives can be used to
differentiate the hardwood and softwood burning. 1-methyl-
7-1sopropyl phenant hrene (retene) has al so been proposed
(Randahl 1983) as a unique tracer for wood combustion, but
it is also present in other sources |ike coal em ssions.
The conpounds nentioned above are characterized to
I dentify specific sources. In addition, PAHs have received
nost attention because they are generated by all fossil fuel
conbustion processes (La Flame et al. 1978, Youngbl ood et
al. 1975). The presence of PAH m xtures in combustion
em ssions and in snokes fromvegetative and fossil fue
material s has been anply denonstrated (Thomas 1968, Lao

1973, Lee 1976). The annual average contribution of PAHs
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froma variety of different sources which include the
conbustion of wood, diesel fuel, gasoline, coke production,
etc. is shown in Table 2. As can be seen, residential wood
conmbusti on and gasoline vehicles are the two nost prom nent
sources of PAH in the continental USA (Peters et al. 1981).

Dai sey et al. (1986) reviewed avail abl e data, on
particle phase organic conmpounds in em ssions from
conbustion sources, to determne their potential useful ness
in receptor iaodeling. They pointed out that PAHs, alkanes,
and sone distinct organic conpounds may be useful in
di stingui shing anmong em ssions fromcertain particul ate
pol lutant sources. As for PAH Daisey et al.(1986)
indicated two inportant facts relevant to using PAHs as
tracers in receptor nodeling. First of all, the PAH
profiles of sources which have been repeatedly sanpled and
anal yzed by the same investigator, appear to be fairly
reproduci ble. Secondly, current data indicate that there
are conpositional differences that can be exploited for
source differentiation. Overall, PAHs in particul ates
appear to be prom sing for conbustion source differentiation
because: (1) good sanpling and anal ytical methods already
exi st for PAHs, and (2) existing PAH data provide a basis
for selecting those conpounds which are likely to be nost
stable in the atnosphere.

In particular, the ratios of Benzo[a] pyrene (BaP) to

Coronene (Cor), Benzo[ghi]perylene (BgP) to Corenene


NEATPAGEINFO:id=1872E227-0CE4-471F-BA60-0EFBF3CD916D


Table 2. Estinmates of annual VKE em ssions by source type
(Peters et al. 1981)

Source type Esti nt ed annual Percent of PAH

PAH eni ssi ons, total em ssi ons

netric tons fromall sources

Resi denti a heating

wood-fired total 3, 839 34.8
coal -fired 102 0.9
oil-fired 7.4 <0. 1
gas-fired 9.8 <0.1

Openi ng burni ng sources
agricul ture open

bur ni ng 1,190 10.8
prescri bed burning 1,071 9.7
forest wildfires 1,478 13. 4
coal refuse piles 28.5 0.3
| and cl eani ng waste

bur ni ng 171 1.6
structure fire 86 0.8

Mobi | e sour ces

aut os- gasol i ne 2,160. 8 19.6
vehi cl es- di esel 104. 7 0.9
Coke production 632 5.7

I ndustrial boiler

coal 69, 0. 6
oi | 1, <0. 1
gas 2, <0.1
ot her s 1. <0. 1

| nci nerators

rmuni ci pal 0.3 <0.1

comer ci al 55.8 0.5
Uility boiler

coal 12.9 0.1

oi | 0.3 <0. 1

gas 0.3 <0.1
Car bon bl ack 3.1 <0. 1
Char coal manufacturing <0.1
Asphal t production 4.3 <0.1
Bar i um chemni cal 0.3 <0. 1

Tot al 11. 031
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(Mai nwaring and Sterling 1981) and BaP to Pb (Freise et al.
1986) have been used to estimate the relative aeroso
contributions from aut onobil e exhaust and fossil fuel
conbustion. Pratsinis (1989) exam ned these

sem quantitative nethods that use ratios of PAH conpounds
and acknow edged that they can be used as an exploratory

t ool .

Dai sey et al. (1979, 1985) applied CMB nodels to
organi c species data in order to estinmate the BaP source
contributions, but the application was not successful due to
poor characterization of the PAH source profiles. On the
ot her hand, good agreenent between source contributions
deduced by CMB and emi ssion inventories was found in a study
of fine carbonaceous aerosol at Portland, OR (Shah and
Hunt zi cker 1984). The success of their analysis, as
Pratsinis (1989) indicated, was the result of well
constructed em ssion inventories.

Larson et al. (1988) conbined trace elenents and six
PAHs with low volatility in a CMB nodel to identify sources.
A set of 10 day/night sanple pairs was collected at Lake
Forest Park, WA from January 10, 1988 to January 27, 1988.
PAHs in this study included benzo[e] pyrene (BeP)
benzo[ a] pyrene (BaP), perylene (Pr), indenopyrene (Ind),

di benzoant hracene (DbA) and benzoperylene (BPr), and sources
i ncl uded wood- burning, nobile, road dust, cenent, arc

furnace and industrial boiler emssions. The predicted mass
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concentration was in good agreement with the measured mass

concentrati on.

M guel and Pereira (1989) pointed out
benzo(k)fl uorant hene (BkF), benzo(ghi)perylene (BgP) and
I ndeno(l, 2, 3-cd) pyrene (Ind) can be successfully used as
tracers of autonotive em ssions in receptor sites where
there were no other major sources of PAHs. The study was
conducted during August, 1984, i.e. the winter tinme in the
sout hern hem sphere. Based on using CVMB nodel with these
three PAH tracers, 21% of TSP was contributed by autonotive
em ssions. This is in good agreenent with 24% obtained with
el emental carbon and volatilized organic carbon as tracers.
These three PAH conpounds used in the study show no
significant decay occurred during atnospheric transport.

In general, to determ ne source contributions, the CVB
nodel is quite effective with inorganic species, but has
limted supcess with organic conpounds. The mgjor
difficulties with the latter are variability of source
profile and degradation of these compounds after release
Into atnmosphere (CGordon 1988, Daisey 1986, Pratsinis 1989).
Therefore, reliable source profiles and known decay rates

of organic conmpounds are necessary conditions for using the

CMB nodel effectively with PAH
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1. APPROACH

In this paper, the use of reactive conpounds as tracers

in a CVB nodel for source contribution identification wll
be undertaken. PAH conpounds were selected as tracers for

conbusti on aerosols. To do this, the follow ng tasks were

att enpt ed:

1.) A CMB performance testing programwas witten to
evaluate the errors associated with variability in the
source signatures, variability in anbient neasurenments, and

variability in source contributions.

2.) PAH signatures were characterized fromdifferent

sources, and differences in PAH patterns between different

sources wer e obt ai ned.

3.) Different ways of inputting PAH signatures into the CVB

nodel were explored. This involved using PAH as direct

concentrations and as nornalized values, to find the optinmm

way to represent PAH signatures.
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4.) The range over which the CMB nodel produced acceptable

sol utions was investi gat ed.

5.) A nmethod for introducing PAH decay constants into the
CMB nodel was devel oped and eval uated with anbient data for

whi ch PAH data exist, and receptor nodeling has been

undert aken using other tracers.
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I11. CHEM CAL MASS BALANCE (CHB) MODEL

A standard Chem cal Mass Bal ance nodel, using
"effective variance wei ghted" regression nethod as

recomrended by EPA, was used in this paper to conpute the

relative contributions of different conbustion sources to a

receptor site (EPA 1988).

Principle

The chem cal mass bal ance nethod identifies aeroso
sources by conparing ambi ent chem cal patterns or
fingerprints with source chemcal patterns. Conservation of
mass between sources and receptors is assumed for both
di spersion nodels and receptor nodels. In the context of
di spersion nodel, the mass (M) that is collected at a
receptor site froma given source j is expressed
mat hematically as the product of atnospheric dispersion
factors aggregated together here as Dy, and the mass per

unit tine that is emtted by a given source, Q
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Fromreceptor nodel viewpoint, it is assuned that total
mass of a given element or specie |ike alumnum sulfate,
nitrate, that arrives at a receptor site, is the |linear sum
of the masses of that individual specie, which arrive at the
receptor fromeach source. Hence we could wite an
expression for specie i, where m is the total mass of

specie i nmeasured on a filter sanple at a receptor site.

m = SUM (Fij * M) + ei j=1top
where Fij is the fraction of specie i fromsource |
observed in M, and ei is on error term The nunber of

source types contributing the total mass is equal to p.

Simlarly, we could wite a mass bal ance expression
which relates the nmass concentration of specie i, that is m
divided by the volume of sanpling air, measured on a filter
sample at Xhe receptor site to the sumof the contribution

of sources:

G =SUM( S * Fij ) + EB [1]
where G is the nmass concentration of species i in
ng/mt. § is the particulate mass contributed by

source j inug/m (i.e. M divided by volune of sanpled

air) at a receptor site, and Ei represents randomerror
in the measurenment of C and Fij.
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The expanded form of equation [1] for species |ike

alum num (Al), lead (Pb), and silicon (Si) |ooks Ilike:

C(Al) = (F(AL,1)*S,) + (F(AL,2)*S2) +---(F (Al ,p) *Sp)+E (Al)
C(Pb) = (F(Pb,1)*S,) + (F(Pb,2)*S2) +---(F (Pb,p) *Sp)+E (Pb)
C(Si) = (FS,1)*S,) + (F(Si,2)*S2) +---(F(Si,p)*Sp)+E(Si)

Note that the individual nmass concentration terns for

each source SV, S", ...Sp are common to each equation and
al gebraic matrices can be witten and nani pul ated to sol ve

for each of these terns. Two criteria nust be net for each

specie: (1) The fraction, Fij, for each conponent and each
source (i.e. the source signature) nust be known, and 2) al
of the major sources mnust be included.

The | east square nethod is a standard nethod used to

solve a set of linear equations. This calculation produces

the nost p:pobable values of § by mnimzing chi-square

defined in the expression.

chi-square = SUM (W * E ") I =1ton [ 2]
where Ei has been defined above and W is a wei ghing

factor for species i.

The | east square solution to equation [1] can be

witten in matrix formas (Bevi ngton, 1969):
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S = INV(F *WF) *F *ww>C [ 3]
where Wis a diagonal matrix for weighing

factors, W, F is the matrix transpose of matrix F,

and "I NV' denotes matri X i nverse.

In the ordinary | east square nethod, only the
anal ytical uncertainty of the anbient concentrations

sigma(C(i)) are considered, and the weighing factors are:

W =sigm(CG)"'"

However, because both C(i) and F(i,j) are averages of
measured data, the variations associated with both of these
nmeasurenents can i nfluence the cal cul ated results.
Therefore, the ordinary | east square nethod cannot be
expected to provide a reliable solution to equation [1].
Dunke”(1979) and Wat son(1979) have applied the
effective variance | east square nethod to solve the problem
In the effective variance | east square nethod, both the
uncertainty of source profile and the uncertainty of sanple
concentration are included. Since source strengths are
unknown, an iterative procedure is followed. WAtson et
al . (1984) nentioned that the advantages of the effective
vari ance | east square nmethod are: (1) the uncertainty of
source strengths are cal cul ated, and (2) high precision

conponents give greater influence in the effective variance
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| east square solution than | ower precision ones.

The wei ghing factor is the reciprocal of the effective

vari ance and i s:

W =1[ (sigm(C(i) )" + sun{sigma(F(i, j ) *§)"]""
where sigma( C(i)) is the uncertainty associated with
C(i), and sigma(F(i,j)) is the uncertainty associ ated

with F(i,j)
Thus, chi-square for the effective variance nethod is given
by

chi -square = SUM Ei f .
sigma(({1) )" “+sunfsigm(F(i, | ) )" ™§"")

Limtati ons of the CMB nodel

In CMB nodeling, there are errors of two types. The
first is associated with neasurenent uncertainties of input
data, including source profiles and anbient data, and these
are included in the effective vari ance nethod as descri bed
above. The second type of error are assunptions inplicit in
the CMB nodel itself. The basic assunption of CMVMB nodel
shown in equation [1] is that species should be chem ca
inert. To reduce errors associated with this assunption, we
can select tracer species i that are truly inert or we can

modi fy the nodel to account for chem cal reactions that
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affect tracers that are not inert.
In addition to these errors, the limtations of using
CMB nodel are: (1) optinmum sel ection of sources attri buted
to particulates pollution, (2) representative source
profiles for the sources in the area to be nodel ed, (3)
conpati ble collecting and anal yzi ng systens, and (4)

adequate differences between profiles for source

identification.

Perf ormance test proqrajn
A nunerical sinmulation nmethod was devel oped for
eval uati ng the perfornmance of CMB nodel by Javitz et al.
(1988). Based on the simulation nethodol ogy of Javitz et
al., a programwas witten with the GAUSS nat henati cal
| anguage (for IBMtype of personal conputers) to test
performance of the CVMB nodel with PAH tracers. The program
Is attachecj| as Appendix A The processes are described in
program flow chart (Figure 1). The input paraneters in the
pr ogram ar e:
1. The time-averaged contribution of each source at the
receptor.
2. The tenporal variability in the source
contributions. This variability is paranmeterized as
a coefficient of variation (CV), which is an

expressi on of the standard deviation as a percent

of nmean.
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100 days Average Source Contribution

and

St andard Devi ati on

Source Contri buti on
correlation matri x

si mul at ed
100 single day Source Contribution

Source profile si mul at ed
Avg. & Std.Dev.---> single day ---> True single day

profile character's concentration <-
measur enent error > sinmul at ed

si ngl e day neasured
concentration

"CwvB" esti mat ed
source contri buti on

si ngl e day

"error" cal cul ati on

AAE
Aver age Absol ute Error

Figure 1. CM perfornmance testing programflow chart
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The intercorrel ati on anong the source contri butions.
The tine-averaged source profiles.

The tenporal variability in the source profiles.

o o & w

The error in species neasurenent at the receptor

In the sinmulations, the paraneters are assunmed to be
| ognormal |y distributed. Wen paraneter X has a nean u and
a standard deviation s, the nean and standard devi ation for

the normal distribution of LN(X) are derived as follow

Mean( LN( x) ) =E( LN( X) )
=E(LN(u)) + E((X-u)/u) - E((X-u)V2ur+ e
=LN(u) + 0 - sVzu® + ...
=LN(U) -0.5*LN(1 + swu?)
Var (LN(X) ) =E(LN(X) - E(LN(X))"
=E(LN(X) - LN{u) + __ )~
A 2IN(L + sVt
where E(Ln(x)) is the expectancy value of LN(x). The
Tayl or's series expansion of LN(X) is expressed as
LN( X) =LN(u) + (X-u)/u -(X-u)V2u™ + .....

Thus, the nean and standard deviation of Ln(X) are

Mean (u')= LN(u) - 0.5*LN(1+CV' ")
standard deviation (s')=sqgrt(LN(I + CV' 1))

where cv' is the CV value represented as fraction.
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In this manner, a Monte Carlo sinulation estinates

LN(X) with a normal distribution which has a nean of u' and

a standard devi ati on of s'.

Dai ly source contributions are sinmulated by nmean and CV
of tinme-average source contributions. The daily source
profiles for each source are sinmulated with a mean and CV of
average source profiles. The linear addition of the product
of the daily source contributions and the daily source
profiles are the true daily concentrations of species. The
simul ated daily concentrations of species are sinulated

with true daily concentrations of species and neasurenent

The estimated source contributions are cal cul ated from
the CMB nodel with sinulated daily concentrations of fitting
speci es and average source profiles. A neasure of the
fitting performance is "average absolute error of

estimation"” (AAE), which is defined as

AAE = SUMabs(Bi - Ti)) / n
wher e
n = the nunber of days of data for the CMVB cal cul ation

(n = 100 days in this paper)

Bi= the estimated source contribution for a particular
i -th day.
Ti=the true source contribution for a particular i-th

day.
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The programwas tested in two parts. First the |east
square nmethod was tested with a Canden-Phil adel phia data set
(Dzubay 1988). The results obtained fromthe Gauss
sinul ation program devel oped in this study were essentially
the sane as those reported by Dzubay (1988) as shown in the

foll owi ng table:

Coarse particle conmponent concentrations (ng/n?)

at site 28 in Canden, NJ

soi | mari ne i ncin vehi cl e Sb S04
(@) =
program 6721 (0] 427 599 240 548
(+_) 821 148 148 169 45 426
Gauss
pr ogr am 6702 -13 457 5903 240 556

In addition, sinulations were tested with a sinple
source conbination including geological materials, coal
fired power plant, notor vehicle exhaust, and vegetative
burning. The Gauss program produced the same results as
were obtained by Javitz et al.(1988). Javitz et al.

I ndicated that the source conposition variability has the
| argest effect on the CMB nodel performance when ot her
sources of error, like receptor neasurenent variability and

correlation anong the source contributions, are considered.
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I'V. DI SCUssI ON

In this chapter. The uni queness of PAH profiles for
different sources is evaluated and PAH reactivity phenonmenon
are considered. Then, PAH conmpounds are used as tracers in
CMB nodel calculations. In the first phase, the PAHs were
considered to be inert. In the second phase, PAH reactivity

was introduced to inprove nodel predictions.

PAH uni queness, reactivity & testing in the CVMB nodel

Source profile

PAH Conpounds

Pol ycyclic Aromatic Hydrocarbons are considered to be
sem -vol atile conpounds that are distributed in both gas and
particle phase. The fraction between the two phases is
controlled by the nol ecul ar wei ght of conpound, tenperature
and avai |l abl e adsorption surface on soot particles
(Westerholm 1988, Yammsaki, 1982).

M guel et al.(1978) reported that detectable anounts of
Benzo(a) pyrene (BaP) and Coronene (Cor) were not found in
t he gas phase, and the majority of BaP and Cor were

associated with particles of aerodynam c dianeter l[ess than
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0.26 umin a Pasadena, CA aerosol study. Simlar
concl usions were reached in other studies. Fromanbient air
studi es, Yammsaki et al. (1982) stated that "three to five
ring PAHs were found in the gas phase dependi ng on
tenperature, and six ring PAHs were all found in the
particul ate phase". Wsterholmet al. (1988) studied the
distribution of PAHs between particles and gas phase from
gasol i ne engine and di esel engi ne exhaust. He found that
the distributions of 2-to 4-ring PAHs between two phase in
gasol i ne engi ne exhaust were significantly different from
that in diesel exhaust. In the case of diesel vehicles, 2-
to 4-ring PAHs are adsorbed predom nantly on the exhaust
particles, but a considerable amunt of these conpounds are
In the gas phase in the case of gasoline vehicles.
According to his studies, approxi mately 30% of
Benza(a)anthracene (BaA) (a 4-ring PAH) from gasoline
vehicles w's found in the gas phase. Vaeck et al.(1984)
studied the gas-particle distribution of organic conpounds
during the four seasons of the year. He found that the
particle phase fraction for BaA and Chrysene was 64%in the
summer and 91-97% in the other seasons. PAHs of nol ecul ar
wei ght 252 and higher were entirely in the particle phase
during all four seasons.

PAH dat a have been collected at the UNC snog chanber
facility for a nunber of years. N ne conpounds which are

stable in particle phase were selected as potential tracers.
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Tabl e 3: PAH conpounds sel ected as potential tracers

Con'pound nol . wt. St ruct ure
Benza[ a] ant hr acene BeLT" 228
Chrysene Chry 228
Benzo[ €] pyr ene BeP 252
Benzo[ b] f | uor ant hene BbF 252
[Nee o
Benzo[ k] f| uor ant hene BkF 252
Benzo[ a] pyr ene BaP 252
10 ia
Benzo[ ghi ] peryl ene BgP 276
| ndeno[ |, 2, 3-cd] pyrene | nd 276

Cor onene Cor 300
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These conpounds, from Benza[ a] ant hracene to Coronene, are

listed in Table 3.

PAH Em ssions from wood conbustion & notor vehicles

For each source, the em ssions may be varied by the
differences in their inherent properties and conbustion
control. For residential wood combustion (Quraishi 1985),
the process of burning is inherently variable and difficult
to replicate. Burning rate, heater design, wood | oading,
type of wood and noisture in the wood may influence the
burning emssions. There is also large variability for
vehicle em ssions (N kolaou 1984). Fuel conposition, air-
fuel ratio, driving conditions, vehicle type and vehicle
mai nt enance are inportant factors.

A nunber of wood soot studies were conducted in the UNC
Tefl on snpbg chanber between 1984 and 1988 (Kanmens 1984-
1988). Th™ UNC Teflon snmobg chanbers were designed to use
natural conditions of light, tenperature and humdity to
closely sinul ate outdoor urban atnospheric conditions
(Jeffries et al. 1976). Wod snmoke froma residential wood
stove was added directly to the 25 M' snog chanbers, which
initially contained rural background air. Different stoves
were used. Ten to 20 mnutes after a fire was started, the
chanbers were charged with fresh soot em ssions. The
em ssions were diluted by 3 to 5 orders of nagnitude in the

chanbers. After adding snmoke to the chanber, it was aged
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from2 to 7 hours. Over the aged period, wood soot particle
sanpl es were collected on 47-nm Teflon inpregnated filters.
Filter sanples were Soxhlet extracted in the dark with
nmet hyl ene chloride (Med 2). PAH concentrations were then
anal yzed by high performance |iquid chromatography (HPLC)
with a fluorescent detector and by gas chromat ography (GC)
with a flame ionization detector. The average source
profile for wood stoves from 32 experinents is listed in
Table 4. Figure 2 illustrates exanples of Gas chromat ograns
of PAH for wood conbustion and gasoline and di esel exhausts.
Conpared to wood soot, a smaller nunber of gasoline
engi ne and di esel engine exhaust experinments were conduct ed.
Tabl e 5 shows the averages and coefficients of variation for
gasol i ne and di esel engine exhausts. Figure 3 shows bar

chart plots of the PAH concentrations for three sources.

Tabl e 4. Wod soot PAHs source profile

conpound Concent rati on(ng/ ng)
ANVG C. V. (29
Benz(a) ant hr acence = — = =
Chrysene s S S = =
Benzo(b) fl uor ant hene a1 S = A O 7
Benzo( k) fl uor ant hene = = a =
Benzo(a) pyrene a0 s a o 7
Benzo(e) pyr ene = = = = =
Benzo(ghi ) peryl ene == aa =
| ndeno( 1, 2, 3-cd) pyrene S== a o=
Cor onene =1 =1 i =2 G )

* n= 32
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PAHs Source Profile
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Fir{iire3: PAH source concentration profiles
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Tabl e 5: Gasoline and di esel engine exhausts
PAHs source profile

concentration (ng/ng)

conpound gasol i ne di esel
AVG. C. V. (9 AVG. C. Vv
BaA 89 27 85 52
Chry 147 4 2 103 42
Bb F 91 30 166 53
Bk F 57 24 70 42
BaP 189 69 81 32
Be P 590 23 65 47
BgP 454 32 147 58
I nd 129 42 128 43
Cor 308 22 58 49

* n= 5 * n= 3

However, the em ssion concentrations of wood conbustion
obt ai ned from chanber studi es can be higher than those from
normal residential wood conbustion because hi gh PAH | oadi ngs
were generated purposely in chanber experiments in order to
col l ect particles which contained consi derabl e anount of PAH
for analysis. Therefore, the em ssion concentrations from
chanber studies nay not be representative of anbient
em ssions over entire burn cycle. Based on BaP as an
i ndi cator, em ssion concentrations from chanber studies are

conpared to those from other studies and are shown in Table

6.
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Tabl e 6: Conpari son of BaP em ssions

Resour ce Bap em ssion (ncf/m)
UNC chanber studi es 515
Randahl (1982) 139
Mur phy et al. (1982)
site 1 100
site 2 137
site 3 83
Kni ght et al. (1983)
1 175
2 154

A study by Randahl (1982) showed that the BaP emni ssion
was 139 ng/ng over a nornmal wood stove burn cycle of spruce.
Ambi ent BaP and TSP were neasured in Telluride, CO by Mirphy
et al. (1982), where residential wood conbustion was the
maj or source of particulate and PAH conpounds. Wod
contributions at sites were estimted by subtracting the TSP
at a background site fromthe TSP at a site. The BaP
em ssion intensities were then calculated. In addition.
Knight et al. (1983) neasured the PAH em ssions over the
full range of wood | oads and danper setting for oak
cordwood. Table 6 shows that the UNC chanber studies gave
BaP to particle ratios 3 to 6 tinmes higher than other
studies. Thus, a value of 1/4 of the em ssion intensity
from chanber studies was used to represent the source
intensity of residential wood conbustion in anbient case
studies. For gasoline and diesel em ssions, the intensities
from chanber studies are used in case studi es because a
smal |l er difference (factor of 2) from other studies was

shown (Tong 1984, Mtz et al 1985).
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Uni queness of PAH signature

In selecting the species to be included in a source
signature, one nmust be concerned with the uniqueness of the
tracers in the source. In our exanple with PAHs, the sane
PAH compounds may be generated by each source. The utility
of using PAHs depends on how different the patterns of the
PAHs from each source are. One way to test for thisis to
determne a parameter called collinearity.

Collineairity is used to denote the situation of one or
nore collinear relationships anong a set of explanatory
variables in a linear regression (Belsley et al 1980). In
the CMB nodel, the nass bal ance equation can not be sol ved
accurately if two or nore sources have simlar conpositional
profiles. In order to avoid the linear dependency problem
a single broadly defined source type can sonetinmes used to
represent a group of simlar sources. Since the |inear
| ndependencpe between source signatures is essential in the
CMB nmodel, collinearity can be used to indicate the adequacy
of a source signature.

Each exact |inear dependency anong colums of the data
matrix will produce one zero singular value. Simlarly, the
presence of near dependencies will result in "small"
singul ar val ues (or eigen values), according to Kendal
(1957) and Silvery (1969). The degree of collinearity
depends on how small the ratio of maxi numto m ni mum

singular value is. The ratio is defined to be "Condition
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i ndex".
The foll ow ng exanple fromBelsley et al. (1980)
i Ilustrates an exact |inear dependency. Consider the 6*5
data matrix "X' (Table 7) having the properties that its
fifth colum is exactly twice its fourth, and both of these
are in turn orthogonal to the first three col ums.

Table 7. Data matrix for linear dependency exanple

-74 80 18 - 56 -112

14 - 69 21 52 104

Xt6,5] = 66 -72 -5 764 1528
-12 66 - 30 4096 8192

3 8 -7 -13276 - 26552

4 -12 4 8421 16842

Singul ar val ues, obtained by a singular val ue
deconposition (SVD) cal culation, are ul=170.7, u2=60.5,
u3=7.6, u4=36368, and ud=l. 3*10'*, For this data mtrix,
the condition index is u4/us= 3*10"*, which is essentially
infinite. Singular value judgenment shows that exact
dependency exi sts between colums 4 and 5.

Vari ance-deconposition proportions (Table 8) show that
u5 conpletely domnates two variances; i.e. the conponent
associated with u5 accounts for virtually all the variance
of both b4 and b5. At the sanme tinme, u3 accounts for 97% or

nore of var(bl), var(b2), and var(b3). This suggests the
presence of a second near dependency in X
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Tabl e 8: Variance-deconposition proportions

Si ngul ar Proporti ons of
Values™ wvarfhl) varfb2) varth3) wvarfb4) varfh§

ul 0. 002 0. 009 0. 00O 0. 000 0. 000
u2 0. 019 0. 015 0. 013 0. 000 0. 000
u3 0. 976 0. 972 0. 983 0. 000 0. 000
us4 0. 000 0. 000 0. 000 0. 000 0. 000
u5 0. 003 0. 005 0. 003 1. 000 1. 000

Two unfortunate effects occur when collinear source

profiles are used. First froma conputational point of
view, the |east square regression will be unstable; i.e. any
smal | change in the elements of the profile matrix wll
result a large change in the regression results. Second
froma statistical perspective, collinear source profiles

wi Il decrease the precision of the calculation and the
variance will be high.

General |y, weak dependencies are associated with

condition indices of around 5 to 10, whereas noderate to
strong dependencies are associated with condition indices of
30 to 100 (Belsley et al. 1980).

In this work, the relationships between condition index
and CMB nodel errors were evaluated with simulated data.
Two sources, original source and sinulated source, were used
for condition index test. Based on an original profile,
several of different profiles were generated via sinulation.
Condition indices from100 profile sets were cal cul ated.
Fixing the sane source contribution for each source and
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using a 10% measurement error for each species, the error of
the CMB nodel results were exam ned separately with 25% and
50% source profiles variations. Thisis illustrated in the
foll ow ng exanple

A 5-PAH source signature of vehicle emssion consisting
of BaP, BbF, BkF, BgP, and Ind was used as the origina
hypothetical profile. One hundred sinulated profiles were
generated fromthe original matrix by nultiplying each PAH
concentration wth random nunbers between 0 and 5 unifornly.
The results show that the AAE of the original profile had a
linear relation with condition indices. Linear correlation
coefficients are 0.78 for 25% source profile variation, and
0.80 for 50%variation. Figures 4 and 5 show the |inear
relationships. |f we assume that the acceptable average
error is +/-50%related to average source contribution, the
condition index should be less than 13.8 for 25% source
profile vai;'iation coefficient, and [ess than 7 for 50%
These results suggest that condition index can be a useful
indicator for predicting the conpositional difference

bet ween profiles.
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Reactivity

One feature of the CMB nodel represented by equation
[1] is that the tracer conpounds are chenically conserved,
and the source signatures do not change between source and
receptor. However, if selected tracer conpounds react
during transport between the source and receptor, a change
in the source pattern will occur and the validity of the
signature for use in equation [1] will be lost. Butler and
Crossley (1981) studied the role of metals in dispersion and
reaction of PAH conpounds in the atnosphere. In their
study, fractionated urban aerosols were anal yzed with
Scanning Electric Mcroscopy. Their results showed that the
PAH content of aerosol particles belongs uniquely to the
sub-mcron size fraction, in which the crustal elements Al
and si and the transition netal Fe, Cu and Zn are absent.
This study strongly suggests that these metals do not act as
carriers of PAHs during their dispersion in the atmosphere
or act as catalysts for promoting reaction.  Light,
tenperature, oxidants in the air as well on the substrate on
whi ch PAH are adsorbed, are the predom nant factors which
influence the rate of degradation (N kolaou 1984, Behymer
1988). The loss of PAH on fly ash substrate (Behymer 1988)
and combustion soot particles (Kamens et al. 1988) may be
approximated as first order process.

Many researchers have investigated PAH degradation with
respect to different parameters. Mguel (1984) studied PAH


NEATPAGEINFO:id=AEAF06C0-9AFB-4C5C-9485-02E975D9D4C5


a2

decay on tunnel particles by exposing PAHs to anmbient air
(wi thout exposure to direct sunlight) for up to 100 hours,
and cal cul ated half-lives for several PAH conpounds.
Gosjean et al. (1983) conducted an experinent in which PAHs
were exposed in the dark to pure humd air, 100 ppb of
ozone, 100 ppb of S02, 100 ppb of nitric acid free NO2, and
particle free anbient air. The PAHs were deposited on
different substrate, including fly ash, diesel exhaust and
anbient particles. |In their study no reaction was observed
after 3 hours of exposure. Behymer and Hites (1988) pointed
out that PAH photol ytic processes are independent of PAH
structure but are dependent on the physical and chem ca
nature of the substrate. Their experinents were conducted
wi th PAH deposited on 15 kinds of coal fly ash sanples.
These PAHs were al so exposed to a nercury vapor |anp |ight
source with a neasured irradiance of 17.6+4/-1.4 Wnt,

Butler andj Crossley (1981) exam ned the degradation of PAH
adsorbed on soot particles by exposing themto air
containing 10 ppm NOx for periods of up to 50 days. In
their study, they found that nitration can be an effective
route for the renoval of PAHs fromthe atnosphere. Table 9

l[ists half-life of PAHs estinmated in the three studies

nenti oned above.
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Table 9: Half-life of PAHs in hours

Conpound M guel Behyner et al. Butl er et al.
(1984) (1988) (1981)

BaA 19 - 1000 264

Chry 36 152 - 1000 648

BbF

BkF 53

BaP 29 28 - 1000 168

BeP 163 - 1000 576

I nd 50 120 - 1000

BgP 48 119 - 1000 192

Cor " 360 115 - 1000 696

Kanens and co-workers (1988) quantified the | oss of PAH
on atnospheric soot particles with respect to the effects of
hum dity, solar radiation, and tenperature. |t was
suggested that "anbient water vapor and light intensity can
be used as the two nost inportant predictors of the rate
constants". Table 10 shows an exanple of using specific
light intensity and humdity to estimate half [ife of PAH
conpounds. *

The enpirical relationship in the Kanens et al. study
(1988) was derived fromwood soot PAH degradation studies.
Since there is a limted data base for gasoline and diese
exhausts, the sane decay rate as wood soot will be used.
Support for this idea cones froma parallel chanber
experinent with wood conbustion and gasoline engine exhaust
conducted on April 5, 1985. Both soot systens were aged in
t he chamber under sunlight and evening conditions. Masured
data on the decay of PAH concentrations are shown in Figure
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6. The first order decay constants were cal cul ated and are

listed in Table 11. It shows simlar degradation for the

two di fferent sources.

Tabl e 10: Estinated PAH half-life (Kamens et al. 1988)

I i ght *=I light=0.8 1ight=0.4
| g/ M H20 4g/ M H20 2g/ m* H20
BaA o. a 2.2 7
Chr vy 1. 3 7.7 25
BbF 1.3 3.7 , 10
Bk F O. 8 3.2 11
BapP o. 5 2.1 6
I nd o.8 8.8 39
BgP 0.6 3.1 12
* light intensity = cal7cm . i n.

Tabl e 11: Decay constants for parallel experinent
(Kanmens 1984-1988)

Decay Const ant

Gasol i ne wWbod

EBEaAaA O, OOiFmes=S O oo sSsS
Chry O. O0384 O. O0Z2Z6 1L
B O. OOoERIEZ=Z O. OO0 e=
Bk O. OOOGRn 7 O. OO0 69
Bar O, OmmzBE O. OO O L
I N"nd O. OCIOMBBMES O. OOBB 7S

BgPP O. OORLEZZ2 3 O. OO0OYY—7r=2
e — — J— — - OO =32 =
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Decay of PAH on Parall el Experinent s
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Figure 6: Decay of PAH on parallel experinent
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Sour ce signature

PAH source signatures for different conbustion sources
are developed in this section. Conbustion source em ssions
are known to have an inherent high variation. However, nany
studi es pointed out that sone specific PAH or rati os between
PAH conpounds may be used for source identification.
Greenberg et al.(1981) indicated that Coronene (Cor) and
Benzo[ ghi ] peryl ene (BgP) may be good i ndicators of
autonobile traffic. GCretney et al. (1985) suggested that
the ratio of Benzofluoranthrenes (BF) to Benzo[ ghi] peryl ene
(BgP) can be used to distinguish between donestic fires and
autonobiles. Hering et al.(1984) suggested that the ratios
of BbF and BkF to carbon nonoxi de (BbF/ CO and BkF/ CO nay
provide tracers for diesel engine identification.

All these findings suggest that concentration ratios
may be used as source signature. Based on the UNC PAH data
base, ratios between different PAHs were cal cul ated, and the
average and variation of these ratios for three sources are
shown in Table 12. Sone ratios in the wood conbusti on
source, such as BaA/BaP, |nd/ BgP, have a much | ower
vari ation than concentration strength fromthe sources.
Thi s neans that the concentration rel ationshi p between these
conmpounds m ght be independent of different operating
condi ti ons.

Conceptionally, if two conpounds have the sane

reactivity, the relative concentration in a source profile
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will renmin constant over the transport process. Because of
this property, the ratios were exam ned, with speci al
enphasi s on those for conpounds with simlar reactivity.

Al t hough the half-life of PAH fromdifferent studies,
shown in Table 9 and 10, are not consistent, the relative
reactivities are nore simlar. Tabl e 10 shows that the
reactivity of BaA and BaP are simlar at three conditions,
the reactivity of BkF and BgP are also simlar at three
conditions, but Ind is simlar with BgP and BkF at only one
condition. Mguel (1984) indicated that the reactivity of
BgP, Ind and BkF are simlar fromhis tunnel particle study.

M guel (1989) observed that the ratios of BaA to BaP, Bghi P
to Ind and BkF to I nd have simlar values for both tunnel
and anbi ent conditions. |In a study of PAH degradation on 15
kinds of fly ash substrate, Behyner (1988) used a "t" test
to show that the reactivities of Cor. vs. BgP, BaA vs. BaP,
and BeP vs”® Chry are simlar in alnost all cases. According
to these studies, ratios between sinilarly reactive
conpounds may be useful as source signatures. Table 13
shows a conparison of ratio data from UNC chanber
experinments to those fromother studies. The conparison
shows that sonme of these ratios, such as BgP/ Cor, BgP/I nd
and Chry/ BeP, are consistent, but the BaA/BaP ratio differs
significantly anmong the various studies.

Based on the UNC data shown in Table 13, Figure 7

illustrates the ratios fromdi esel, gasoline and wood soot
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in bar chart form Gasol i ne exhaust has a | ower BgP/ Cor
value (1.46) than the wood conbustion ratio (3.42). In
contrast, gasoline exhaust has higher BgP/Ind ratio (3.57)

t han wood conbustion ratio (0.8). This is consistent with
t he concl usion of Greeberg (1981) that Cor and BgP are good
i ndi cators of vehicle en ssions. Meanwhi | e, the BbF/ Cor
ratio is high in wood conbustion (3.5) and is lowin
gasol i ne exhaust (0.28). This means that the BgP
concentration is approxinately 5 times that of BbF in
gasol i ne exhaust, but is roughly equal to that in wood
conbusti on; The sane ratios for diesel exhaust are
sonewher e i nbet ween those for gasoline and wood soot, and
may not show enough uni que character from wood conbusti on.
An exception may be the Ind/Cor ratio which is 2.1 in diesel

exhaust and 4.3 in wood conbusti on. The above i nfornati on
suggests that PAH conpounds may have sone characteristics
that coul d* enable specific sources to be identified. The
following two groups were selected for tracer testing: (1)
an I nd group with BbF, Ind, BgP, and Cor, and (2) a BaA
group with BaA, BbF, BgP, and Cor. The ratio matrix for

t hese two groups are shown in Table 14 and 15.
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Table 12.1: 9-coTnpound ratio matrix for wood conbustion

Ratio Matrix (Wod Conbustion Em ssions)

BaA BbF BKkF BaP Chry BeP
BaA 1. 00
BbF 1.23 1. 00
(28%
BKF 1.38 1.64 1. 00
(37% (49%
BaP 1.13 1.04 0.74 1. 00
(169 (50% (46%
Chry 0.93 0.88 0.73 0.84 1. 00
(15% (23% (16% (15%
BeP 2.17 1.30 1.58 1.86 2.28 1. 00
(50% (8% (43% (37% (43%
I nd 1.61 1.16 1.34 1.48 2.07 1.02
(27% (389% (36% (239 (21% (31%
BgP 1.93 1.51 1.27 1.72 2.37 1.12
(30% (35% (56% (31% (39% (30%
Cor 3.50 3.06 6.72
(10% (8% (7%

Table 12.2:  9-conpound ratio matrix

exhaust

Ratio Matrix (Gasol i ne engi ne Exhaust)

BaA BbF BkF BaP Chry BeP
BaA 1.00
BbF 1.00 1 1. 00
(21%
BKF 1.56 1.66 1.00
(23% (36%
BaP 0.75 0.56 0.34 1. 00
(75% (719 (66%
chry 0. 64 0.67 0.43 1.70 1.00
(18% (29% (31% (43%
BeP 1.51 1.43 1.08 4.00 2.61 1. 00
(15% (17% (8% (499 (22%
I nd 0.84 0. 65 0.43 1.48 1.11 0. 49
(54% (39% (37% (629 (52% (219
BgP 0.22 0.19 0.13 0.45 0.33 0.14
(40% (32% (36% (79% (51% (19%
Cor 0.30 0.28 0.18 0. 65 0. 46 0.20

(35% (25% (30% (75% (45% (20%

I nd

1.00

1.25
(16%

for gasoline

I nd

1.00

0.28

(22%
0.41

(30%

BgP

BgP

1.00

1.46
(15%

Cor

vehicl e

Cor

49
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Table 12.3: 9-coinpound ratio matrix for diesel vehicle

exhaust

Ratio Matrix (Diesel Engine Exhaust)

BaA BbF BkF BaP Chry BeP I nd BgP
BaA 1. 00
BbF 0.47 1.00
(24% *
BkF 1.22 2.30 1.00
(2299 (5%
BaP 0.83 1.71 0.83 1.00
(1299 (17% (18%
Chry 0.91 1.18 0.70 0.82 1. 00
(5799 (8% (38% (219
BeP 1.40 2.70 1.14 1.45 1.88 1. 00
(2699 (9% (13% (319 (38%
I nd 0.88 0. 89 0. 65 0.74 0.87 0. 59 1. 00

(7499 (199 (5799 (419 (199 (6299

BgP 0.62 0.91 0.48 0.58 0.72 0. 43 0. 87 1.00

(45% (299 (259 (149 (129 (3199 (259
Cor 1.06 2.27 0.99 1.35 1.93 0.85 2.55 2. 49

(18%9 (699 (1% (1199 (39 (15% (6% (5%

Cor

1. 00

50
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Tabl e 13:

BgP/ Cor
BgP/ | nd
BkF/ i nd
Chry/ BeP
BaA/ BaP
BbF/ Cor

BgP/ Cor
BgP/ | nd
BkF/ I nd
hry/ BeP
BaA/ BaP
BbF/ Cor

BgP/ Cor
BgP/ I nd
BkF/ | nd
Chry/ BeP
BaA/ BaP
BbF/ Cor

Rati os of PAH observed

*** Data Conparison ***

Gasol i ne Exhaust
UNO G i mer
(1977)
1. 46 1.22
3.57 3.73
0. 43 0.2
2.61 2.1
0.75 1
0. 28 0.17
Di esel Exhaust
UNC
1.
2. 49 2.02
1.15 1. 06
0. 65 0. 29
1.88 1.62
0. 83 1.93
2.27 2.11

Wod Conbusti on

UNC

3.42
0.8
1.34
2. 28
1.13
3.5

Sext on

(1985)
4. 33
0. 92

2.17
1.5

G1 mrer
(1977)

1. 07

3. 44

0. 22

2.3

1

0. 17

H. Y. Tong
(1984)
2.

.47
.12
.41
. 29
.71
1.4

PRORPR

Randahl
(1982)

1.1

2. 35
1.2

in different studies

G i mrer Stenberg
(1977)
1.41

4. 43

PFNRPORN'

0.4

0.2

. 15
.19
.16
.79
. 38
. 93

(1983)
2. 33

3.5

1.2
3. 67

NBS
SRM
1650

. 04
.91
. 29
.42

anNOoPRr
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PAHs Rati os for 3 Conbusti on Sources

N\ .
3 - -
. I
.5 I V
2 -
1.5
1 -
[TfA
. J §1
AM A~ m
BgP/ Cor BgP/ I nd BkF/ I nd Chry/ BeP BaA/ BaP BbF/ Cor
PAH Rati o
\VAVA Gasol i ne V7] Di esel g<n Wbod

Figure?. Ratios of PAH observed in three sources
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Table 14: Ratio matrix of Ind group

Ratio Matrix (D esel Engine Exhaust)

BbF I nd BgP Cor
BbF 1. 00
I nd 0. 89 1. 00
(1%
BgP 0.91 0. 87 1. 00
(2% (259%
Cor 2. 27 2.55 2. 49 1. 00
(6% (6% (5%

Ratio Matrix (Gasoline engine Exhaust)

BbF I nd BgP Cor
BbF 1. 00
I nd 0. 65 1. OO
(399
BgP 0. 19 0. 28 1. OO0
(32% (22%
Cor 0. 28 0. 41 1.46 1. 00
(25% (30% (15%

Ratio Matrix (Wod Conbustion Em ssions)

BbF I nd BgP Cor
BbF 1. 00
I nd 1.16 1. 00

(389
BgP 1.51 1.25 1. 00

(35% (16%

Cor 3. 50 3. 42 1. 00
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Table 15: Ratio matrix of BaA group
Ratio Matrix (Diesel Engine Exhaust)

BaA BbF BgP Cor
BaA 1. 00
BbF 0. 47 1. 00
(249 *
BgP 0. 62 0. 91 1. 00
(45% (2%
Cor 1. 06 2. 27 2. 49 1. 00
(18% (6% (5%

* Mean (variance%

Ratio Matrix (Gasoline engi ne Exhaust)

BaA BbF BgP Cor
BaA 1. 00
BbF 1. 00 1. 00
(21%
BgP 0. 22 0. 19 1.00
(409 (32%
Cor 0. 30 0. 28 1.46 1. 00
(35% (25% (15%

Ratio Matrix (Wod Conbustion Em ssions)

BaA BbF BgP Cor
BaA 1. OO0
BbF 1.23 1.00

(28%
BgP 1.93 1.51 1.00

(30% (35%

o 3. 50 3, 42 1. 00
(109 (6%
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CMB nodel i ng assumi ng i nert PAHs

Concentrati on net hod

Most applications of the CMB nodel use a concentration

net hod with el enental tracers. The tracers are entered into

the nodel as a mass of tracer per mass of particle emtted
fromthe source. In the case that will discussed here three
conbusti on sources and ni ne PAH conpounds were incl uded.
Source concentration profiles for wood, gasoline and diesel
source are listed in Tables 4 and 5 of the previous section.
These three sources and all the possible conbinations of any
two sources were tested. From source pattern
identification, a nine-conpound group and two sets of 4
conmpounds groups, nhanely BaA group wth BaA/ BbF/ BgP/ Cor and
| nd group with BbF/1nd/BgP/ Cor, were used. The simlarity
of the source profiles were eval uated, based on the

cal culation of condition index (C1.). Table 16 shows that
C.I. values of wood/gasoline/diesel (WGED) and wood/ di ese
(WD) conbinations are |arger than those of WG or GD
conmbination. As it was nentioned previously, when the C |
value is greater than 13.8 for a 50% uncertainty, it is
difficult to conclude that the two sources are very
different. One would therefore predict that wood conbustion
and di esel engine exhaust may be difficult to separate with
this method. The condition indices for WG and G D

conbi nations with both 9 conpound and 4 conpound groups are


NEATPAGEINFO:id=3BF42F00-D35C-4A1F-A979-360B8FE7592B


56

in a reasonable range. For WD and WGED, the Ind group has
a much higher condition index than the BaA group and the 9
compound group. The condition indices of BaA group are
simlar to those of 9 conpound group for all conbinations.

Al t hough the concentration nethod can solve the WG and G D,
more PAH fitting species would be necessary to better

resolve the WG D or WD source conbinations (see Table 16).

Tabl e 16: Condition I ndex for concentration nethod

Sour ce comnbi nati on Condi t i on | ndex
9 conmpound I nd BaA
ar oup gr oup gr oup
wW & D 20. 0 206. 0 27.0
wW G 3.2 3.5 3.2
W/ D 12. 0 31.0 15. 0
I D 4.5 4.5 5.0

* Ind group : BbF, Ind, BgP, Cor
BaA group : BaA, BbF, BgP, Cor.
W : wood conbusti on source

G : gasol i ne-engi ne exhaust
D : diesel -engi ne exhaust

Wth the assunption that a maxi num acceptable error in

nmodel estinmation is 50% the acceptable conditions under
whi ch the model will work were tested for each source

conbi nation. A 10% measurement error was assunmed when we
tested the absolute average error with different source
strength ratios. The test data are |isted in Table 17 and

the acceptable ranges are shown in Figure 8. The test data


NEATPAGEINFO:id=488A0AB3-3C23-4D58-99F9-3EA6F0479555


W Vs
C
e
o
<u Wvs. D
o
u
D
o
G vs. D

J_ J.

<o o I
Source Contribution Ratio

Figure a : Acceptabl e Hange for Concentration Method

iU


NEATPAGEINFO:id=1331B8DF-4A8B-4EB4-ADA1-F27720D3B571


Tabl e 17:

Contri bution Ratio

w
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16
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13
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27
29
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29
24
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49
28
22
18
17
16

12
12
12
14
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36
61

128
110
82
91
51
220

58
43
33
30

114
65
35
26
22
25
25
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show that the concentration nethod perforned poorly when
t hree sources were used. For any conbi nati on of two
sources, the acceptable conditions, expressed as a source
contribution ratio, are between 1 and 0.1 for wood and
di esel sources (WD ratio), between 4 and 0.15 for gasoline
and di esel source (GDratio), and between 5 and 0.1 for
wood and gasoline source (WGratio). |In the concentration
met hod, | arge concentration differences decrease the ability
of source identification. For exanpl e, wood conbusti on
generally enits nuch hi gher PAHs than di esel engi ne per unit
particle mass. Thus, the source concentration of diesel
exhaust nay be within the variation of wood conbusti on.
This makes it difficult to identify diesel in the presence
of |l arge wood snpke en ssions.

The advant ages of concentration nethod are (1) it is
easy to conbine with other non-PAH tracers, |ike potassium
etc., and (2) It can be used to estimate source contri bution
directly. The di sadvantages, however, are (1) high source
strength variations introduce large errors, this is
especially true for wood combusti on sources, and (2) a

limted acceptable range due to profile simlarity.

Nor nal i zed concentrati on net hod
The stable rati os between PAHs, illustrated in Table

10, suggest that a stable source pattern exists in terns of

normal i zed concentration. This requires that a source
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em ssi on equals the basic source pattern tines an intensity
factor. For exanple, Figure 9 shows four different wood
soot sanples taken fromthe UNC chanbers at different tines
for the BaA group. A generalized normalized group is also
shown. A sinilar pattern in concentration profil es suggests
t hat any single source enission can be represented as a
stable pattern with a different intensity due to a different
em ssion intensity.

The advantage of the normalized concentration nethod is
that the nmethod focuses predom nantly on source pattern
character and elim nates the influence of the source
intensity (i.e. variability). This neans that the ratios
anong PAHs from gi ven sources remai ns the sanme even when the
actual enission strength can vary by orders of nagnitude.

The nornmalized concentration NF(i,j) of a fitting
conpound i for source j is defined in this study as the

ratio of t|ie concentration of a fitting compound i to the

sum of concentrations of all fitting conmpounds.

NFECE, ) = F(iLj) 1 R())
wher e
R(j) = SUM F(i,j) i =1ton [ 4]
F(i,j) is the concentration of conponent i in source |

em ssion. The total nunber of fitting conpounds is n.

For BaP at a given receptor from di esel exhaust, the
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Figure 9: Typical measured profiles and nonnalized profile for
residential wood conbustion
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equati on becones

NF(BaP, D) = Ff BaP. D)
R( D)
wher e

R{D) = F(BaP, D) +F(BaA, D) +F(BeP, D) +F(Chry, D) + etc.

The mass bal ance equation [1] with R(j) can be expressed as:

Cli) = SUM S(j)*R(J)*F(i,j)/R() )

This equation will equal to

C(i) =SUM( S (j) * Ne(i,j) ) [ 5]
where C(i), F(i,j), S{j) have the sane neaning as the
paraneters used in equation [1]. S (j) is the nass of

PAH contributed by source j (ng/m)

In the nor|nalized concentration nethod, the weighing factor

in effective variance | east square nethod wll be

W =[ (sigm(C(i) )™ + SUMsigma (NF(i, j ) *Se (j ) )"

Notice that the interpretation of estinmated
contributions fromnornalized concentration nethod S (j) are
different fromthose fromconcentration nethod S(j), since
different fornms of input source signhatures are used. The

estimated contributions fromnormalized signature represent
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the PAH contri bution froma given source (mass of PAHs
contributed by a source) instead of the particul ate source
contri bution which is calculated fromthe concentrati on
net hod. Tabl es 18, 19, and 20 list the follow ng data: the
normal i zed concentration for the 9-compound group, the Ind

group, and the BaA group, from BaA to Cor for each of the

t hr ee sour ces.
Condition indices were determ ned for different

ai rsheds with various conbi nati ons of diesel (D), wood(W and

gasoline(G sources and the results are shown in Table 21.

Table 21: C I. values for normalized concentrati on net hod
Source conbination ~_Condition | ndex

9 conpou nd I nd BaA
qr oup qr oup qr oup

W/ G/ D 7.8 33 7.2

W/ G 2.1 3.0 2.0

W/ D 4.3 11 3.9

G/ D 3.3 3.0 3.4

The condition indices of BaA group and 9 conpound group
are simlar. The condition indices of Ind group are sim |l ar
to those of other two groups for the WG and G D
conbi nati ons but are nmuch worse for the WGED and WD
conbi nations. This strongly suggests that Ind group is

i mpractical for source identification. |If we accept an


NEATPAGEINFO:id=91BBBAE0-4D4F-4CA3-8CBE-7CCEE757A089


Tabl e 18:

Conmpound

BaA
BbF
Bk F
BaP
Chry
Be P
I nd
BgP
Cor

Tabl e 19:

Conpound

BbF
I nd

BgP
Cor

Tabl e 20:

Conpound

BaA
BbF

BgP
Cor

Normal i zed concentration for

Nor mal i zed concentr

O0O0O0O0

Nor mal i zed concentrati on for

0 o0O0O0

Wbod

Avg. +- Var.

(%
0.1968 +- 70
0.1127 +- 80
0. 0897 +- 95
0. 1256 +- 80
0. 1625 +- 66
0. 0940 +- 74
0. 1298 +- 86
0.0782 +- 95
0. 0107 +- 40

WwWbod
Avg. +- Var.
(9
. 3501 +- 20
. 3181 +- 15
. 2567 +- 12
.0751 +- 12

Avg.

. 3793
. 3248
. 2290
. 0669

WwWbod
+-  Var.
(A
+ - 13
+ - 19
+ - 16
+- 16

9- conpound group

Gasol i ne Di esel
Avg. +- Var. Avg. +- Var
(A (A
0. 0588 +- 21 0. 0974 +- 36
0. 0596 +- 21 0. 1555 +- 16
0. 0372 +- 25 0. 0799 +- 16
0.1241 +- 49 0. 0924 +- 10
0. 0962 +- 35 0.1182 +- 19
0. 0388 +- 24 0. 0747 +- 23
0. 0849 +- 23 0.1472 +- 32
0. 2982 +- 20 0.1681 +- 9
0. 2023 +- 15 0. 0665 +- 8
ation for Ind group
Gasol i ne Di esel
Avg. +- Var. Avg. +- Var
(% (A
0. 0868 +- 27 0.2730 +- 1
0. 1399 +- 15 0. 3068 +- 1
0. 4595 +- 6 0. 2997 +- 1
0.3138 +- 9 0. 1205 +- 5
BaA group
Gasol i ne Di esel
Avg. +- Var. Avg. +- Var
(A (%
0. 0910 +- 34 0. 1551 +- 19
0. 0908 +- 23 0. 3329 +- 5
0.4872 +- 11 0. 3653 +- 4
0. 3309 +- 8 0. 1466 +- 1
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error of 50% the possible ratios of two source conbinations
usi ng the 9-conpound group and the BaA group are shown in
Figure 10. The possible ratios for three sources are shown
in Figure 11. Test data are attached as Table 22 and 23.

To study source contributions for anbient particul ate
control, estimated PAH contribution in normalized
concentration method have to be transformed by dividing the
factor of PAH content per unit particle mass (R(j) expressed
as equation [4]). Based on the source profiles in Table 4
and 5, the ratios of the factors anong three sources, i.e.
R(W, R(G, and R(D), are 4.5:1.7:1 for 9 conpounds group
and 5.9:2.5:1 for BaA group.

In Figures 10 & 11, the values of acceptable condition
are presented. The 9 conmpound group and BaA group give
simlar acceptable ratio ranges for two source conbinations.
Al t hough the upper limt for the BaA group is always | ower
than 9 conpounds group, the range factors, defined to be the
ratio of the upper limt to the lower limt, are simlar.
The range factors for the normalized concentration and
concentration nmethod are conpared in Table 24. 1In the
conmbi nation of three sources, the BaA group gives a w der
acceptabl e range than 9 conpound group does. But the ratio
of gasoline to diesel has to be less than 1.6, and the ratio
of wood to diesel nust be in the range of 0.03 to 0. 3.
According to Javitz et al. (1988), however, the ratio of

gasoline to diesel vehicular particle emssions was 2 in the
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Tabl e 22.1; Acceptable condition test with 9-conpound
group nornalized concentration nethod
( Two source conbinati on)

Contri bution Ratio AAE (99
wW : G : D w G
25 1 13 49
10 1 10 28

5 1 10 20

2. 1 12 16

1 1 17 13

0. 1 28 12

0. 1 40 11

0. 1 a7 11

o. 1 61 11
7. 1 18
5 1 18
2. 1 18
1 1 22
0. 1 35
0.2 1 50
0. 1 77

1 9

7. 1 9

5 1 9

2.5 1 10

1 1 12

0. 4 1 19

0, 1 30

ol f 1 51

52
39
25
16
13
12
11

60
48
35
20
13
12
10
10
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Tabl e 22.2: Acceptable condition test with BaA group

normal i zed concentrati on net hod
( Two source conbi nati on)

Contri buti on Ratio AAE (9

w : G : D w G

25 1 6 70

20 1 6 60

10 1 6 37

5 1 6 23

1 1 9 11

0.2 1 25 7

0.1 1 40 7

0. 05 1 60 8
10 1 10
5 1 10
1 1 18
0.2 1 43
0. 15 1 52
0.1 1 71

10 1 9

8 1 9

5 1 9

1 1 13

0.2 1 35

0.1 1 43

0.1 1 59

79
50
18

o o

57
46
32
13

© O
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Figure 11

Nor mal i zed Concentration Acceptabl e Kange
at 3 Source Conbi nati on
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_____ y conpounds group
—BaA group


NEATPAGEINFO:id=B12D9285-E32C-45FB-883E-14CB11863BA6


Tabl e 23. 1: Accept abl e condition test with 9-conpound
group nornmalized concentrati on net hod
( WGED three sources )

Contri bution Ratio AAE (%)

AVAA- G D \"A% G
2 1 1 32 28 72
2 0.5 1 32 40 64
2 0. 25 1 30 64 54
1 2 1 42 19 57
1 1 1 37 24 49
1 0.5 1 37 32 45
1 0. 25 1 35 52 41
0.5 2 1 60 17 43
0.5 1 1 54 20 36
0.5 0.5 1 48 28 32
0.5 0. 25 1 46 44 29
0.5 0.2 1 44 50 28
0. 25 1 1 76 19 28
0.25 0.5 1 68 26 24
0.25 0.25 1 60 36 22
0.25 0.1 1 56 76 20
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Tabl e 23.2: Acceptable condition test with BaA group
normal i zed concentrati on net hod

( WGED three sources )

Contri bution Ratio AAE (%
W G - D w G
4 1 1 13 33
4 0.5 1 12 50
2 2.5 1 21 16
2 1 1 18 26
2 0.5 1 16 40
2 0.25 1 29 60
1 5. 1 40 12
1 2.5 1 30 14
1 1 1 24 22
1 0.5 1 21 32
1 0.25 1 19 52
0.5 5 1 62 12
0.5 2.5 1 46 13
0.5 1 1 34 19
0.5 0.5 1 32 28
0.5 0.25 1 28 44
0.5 0.2 1 28 50
0.25 1 1 52 18
0.25 0.5 1 48 26
0.25 0.25 1 44 40
0.25 0.2 1 44 46
0.25 0] 1 44 74
0.1 1 1 100 17
0.1 0.5 1 87 26
0.1 0.1 1 85 73

73
63

63
51
43
38

62
48
38
32
27

54
39
29
25
21
20

24
21
18
17
16

21
17
14
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Portl and, Oregon, netropolitan area in 1983. The typical
rati o between gasol i ne and di esel vehicul ar em ssions n ght
be 2 or higher in the United States. Thus, it is difficult
to find an area where the ratio neets the predeterm ned
range. W will thereafter focus on a two sources
identification.

This anal ysis strongly suggests that the techniques
devel oped in this paper are nost applicable to the
separation of two sources |ike gasoline and di esel or wood
and gasoline or diesel and wood. There are however many

i nstances where an airshed is inpacted primarily by two

sSour ces.

Tabl e 24 : Range factor for concentration nethod
and

normal i zed concentrati on net hod

Sour ce Range Fact or
Conbi nati on Concentrati on Normal i zed concentrati on
Met hod Met hod
9 conmpound 9 conpound BaA gr oup
G/ D 23 73 75
W/ G 50 178 200
/! D 10 40 33

Conpared to the concentration nethod, the normalized
concentration nethod produces smaller condition indices
according to Table 24, and al so gives a w der acceptable

ratio range (w der by factor of 3 to 4). This nmeans that
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the nornmalized concentrati on nethod can be applied over a
wi der range of anbi ent conditions.

The advantages of nornmalized concentrati on nmethod are
(1) better source pattern recognition, (2) less profile
variation, and (3) w der acceptable conditions. The
di sadvant ages, however, are (1) it is difficult to conbine
with the concentrati on net hod because the two net hod
calculate different results (S and Sj). 1In the exanples
presented in this study the nodel with the nornualized
concentrati on net hod cal cul ates the individual PAH
contribution fromeach source. The concentration techni que
calculate the particulate contribution fromeach source. It
is difficult to conbine with tracers which are usually used
in the concentration nethod because the high concentration
of typically used elenmental tracers. Normalizing source
profile with both PAH and hi gh concentrati on el enent al
tracers, tljie uniqueness of PAH source pattern will decrease.
(2) a final calculation is required when source contribution
is concerned, i.e. transformS (j) to S(j). Here an average
source intensity nust be assuned to convert PAH source to
parti cul at e/ sour ce.

To apply the nmethods devel oped in this study to real
conditions, it is necessary to understand the limtations
inplicit in these nethods. The basic assunption for sources
separation is that the sources, which we are interested in,

are the predom nant PAH contributors, i.e. no other PAH
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contributors are in the receptor site. Since PAH may be
emtted fromother sources, such as incinerator, fuel oi
conbustion, and petroleumrefinery, the application of our
PAH recept or nodel should avoid selecting the areas where

t hese sources are significant contributors to the anbient
particul ate and PAH concentrati ons.

For the gasoline and di esel conbination, according to
the results in this paper, two sources can be distinguished
by the normalized concentration method with PAH tracers when
the source contribution ratio (GD) is in the range of 4 to
0.05 (Figure 10). Thus, two criteria are required for using
this approach effectively. The first one is that there are
no significant PAH contributors in receptor site except
gasol i ne and di esel em ssions. The second one is the
concentration ratio should be in the range of 0.05 to 4.

For exanple, in S.PALO Brasil, 23-38%of TSP results
fromvehicifilar emssions. Oher PAH sources, such as oi
boil er em ssions, are |ess than one-tenth of vehicul ar
em ssions (Alonso 1989). Thus, the PAH receptor nodel may
be used here for autonotive enissions identification.

Anot her exanpl e, Taipei, the cultural and econom c center of
Tai wan, Republic of China, nmay be also suitable for this

met hod, since the vehicular em ssions are the major man-made
pol lution source and there are |ess industrial PAH em ssion
sources. The contribution ratio between gasoline and diesel

exhausts may be no nore than 2 due to the fact that public
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transportation with di esel buses play an inportant role in
city transportation. 1In the United States, many urban and
suburban areas may use this approach to identify gasoline
and di esel vehicular em ssions in the sunmer season.

In winter, residential wood conbustion contri bute
consi derabl e anobunt of PAH in many northern Anerican cities.
Fi gure 10 shows that residential wood conbustion and
gasol i ne exhaust can be differentiated when the WG ratio is
in the range of 0.5 to 9. A study of wood conbustion i npact
in Portland, Oregon (Cooper 1980) shows that 51% of
respirable particles result fromwood conbustion. The ratio

of wood to gasoline emissions may be in the range of 5 to

10. Thus the PAH nodel can be useful in this area for
source identification. Meanwhi | e, wood conbusti on and
di esel exhaust can be separated when WD ratio is in the
range of 0.04 to 1.6, if there are two sources only.

Si nce, gasol i ne and di esel exhausts always exist in the
sane area, dividing theminto two conbi nati ons, wood and
gasol i ne or wood and di esel conbinations, is not practical.
A method, which is used in a case study as shown | ater,
overcones this problemby using a m xture of gasoline and
di esel to represent the vehicular source. The proportion in

the mixture is deternined from studi es conducted during

sunmer .
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CMVMB nodel i ng assuni ng reactive PAH

The CMB nodel with assumng inert PAH tracers was

examned in the first step. The general conclusion was that
t he neither the concentration nmethod nor nornalized

concentration method can not offer reasonable source

separation for the three conbustion sources of wood,

gasol ine and diesel, but the separation of two sources

conbi nations can be applied conditionally. Therefore, we

focused on two sources identification in the second step.
Because PAHs are degradabl e during atnospheric

transport, source profiles will be a function of decay tine.

A decay factor is included in the mass bal ance equation to

interpret the concentration change.

The revised mass bal ance equation is given by

Ci) = SuM S(j)*F(i,j)*alpha(i,j) ) [6]
where C(i), F(i,j), S(j) have the sane meaning as the
paraneters used in equation [1]. And alpha(i,]) is decay
factor of conpound i for source j.

In the normalized concentration nethod, the mass bal ance

equation is given by

Ci) =S s (J)*N (i,)) ) [7]

where NF (i,J) = Ffi.i)*al Dhafi.i)
R (})
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R(j) = SUMF(i,j)*alpha(i,j)) i=l, 2,..., n

Chei nber nodel

The concept of the chanber nodel is that source
em ssions are injected into and aged in a closed system

Di fferent source enissions may be injected at different

times, but each source is allowed to be injected only once.

Therefore, each source em ssion has a specific decay tine
until sanpling. First order decayed source profiles can
represent the source signatures at the sanpling tine. The

decay factor, alpha(i,j), for chanber nodel wll be

al pha(i,j) = G (t(j))
Gi (t =0)

= EXP( -k(i) * t(j) )
wher e
K(i) : decay constant for conpound

t(j) : decay tinme for source |

To evaluate the CMB npodel with the additi on of PAH

decay constants, a test data set is needed. To generate

this data set, a captured atnosphere in an encl osed box or

77

an out door chanber i s assuned. Different dilute m xtures of

known di esel, wood, and gasoline conbustion particles are
added to the chanmber. Under natural sunlight, PAHs are

all owed to decay according to first order kinetics. The
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environnmental paraneters in the chanber are used to estinate
t he decay constant (Kanens et al. 1988).
Sets of data were generated by combining decayed source

profiles with known decay times. Least square fitting with

concentrati on and normali zed concentrati on net hod was t hen

undertaken using source profiles with different decay tine

conbi nations. Two indicators are used to estimte the

correct decay time. They are chi-square and the estimated
mass contri buti on.

The follow ng exanple illustrates the process. The 4
conpounds, BbF/ BkF/ BaP/ BgP, in wood and gasoline combustion
particles were aged in the chanbers. In this exanple, wood
PAH were aged for 12 0 mnutes and gasoline soot particles
were aged for 60 mnutes before the air in the chanber
arrives at the receptor site. Forty percent of the mass of
particles conme fromwood conbustion and 60%is from gasoline
exhaust, “he total suspended particles are assuned to be
100 ug/m.  In order to avoid exact matching, the PAH
receptor concentrations were treated with 10% change for
each conpound in opposite directions, and 25%variations in
source profiles were used in CMB nodel calculation. The
first step in the analysis was to fix one source with a
fresh source profile and then vary the decay tine for the
other source. Results for the first step are shown bel ow in

Tabl e 25.

Wien fresh wood soot em ssion was used, chi-square
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val ues were inproved by increasing the aging time of
gasol ine soot PAH up to 120 mnutes. But, the mass
contributions showed that the cal cul ated TSP was
overesti mated when the aging time of gasoline increased to
90 mnutes. Holding gasoline emssion to a fresh source
profile gave the | owest chi-square when wood soot aged from
120 to 180 minutes. The results suggest either 120 or 180
mnutes as the aging tinme of wood soot and a possible decay
time under 90 m nutes for gasoline soot.

In the second step, wood conbustion PAH were aged for

120 and 180 m nutes and gasoline were aged fromO to 90

m nut es. Results are shown in Table 26.

Table 25: The results of the first step chi-square test

decaving tine mass contri buti on
(mn. ) (ug/ m')
wood gasol i ne wood gasol i ne Chi - square
0 o) 3. 66 23. 17 35. 15
o 30 3.12 45. 20 32. 15
0 60 2. 85 90. 26 24. 10
o 20 2. 88 152. 00 17.79
o} 120 2.71 277.00 11. 33
60 0 14. 73 18. 65 14. 32
120 o 39. 56 20. 26 2.78
180 0 80. 38 24. 77 2. 19
300 o 247. 00 31. 20 9.53
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Table 26: Results of the second step chi-square test

decaying tine mass contri bution
(mn. ) (ug/ m')

wood gasol i ne wood gasol i ne Chi -squ
120 30 38. 45 36. 74 3. 32
120 60 37.51 65. 40 1. 32
120 90 35. 00 117. 00 1.31
180 0 80. 38 24.77 2.19
180 30 75. 30 44 . 90 2.74
180 60 70. 50 81. 70 3. 67
180 90 66. 00 139. 00 5.72

Chi -square val ues show that two selections m ght be
correct, that is 60 mn. for gasoline and 120 mn. for wood
or 90 min. for gasoline and 120 mn. for wood. The second
choi ce, however, produced results in which 35% of the nass
cane fromthe wood and 117%from gasoline. Hence, the tota
mass contribution was overestimted by 50% These results
suggest that the best comnbination cones fromthe | owest chi-
square val ue and one in which nmass is conserved. The

magni tude pf error depends on adequate fitting el ements
sel ection, variations of source em ssions, and neasurenent

A mjor difficulty wth the above two-step nethod is
that it requires data for mass contributions, which are not
avai | abl e for atnospheric sanples. Therefore, an attenpt
was made to deduce the aging time only on the basis of chi-
square. The concentration nethod and nornalized
concentration nethod with 9 PAH conmpounds were used to
examne the feasibility for the determnation of aging time
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using only chi-square. A conputer programwas witten
(Appendi x B) to calculate the chi-square value for al
conbi nations and yield a chi-square nmatrix as output.

Based on the 9 conmpounds average source signature,
displayed in Table 4 & 5, a data set was generated using the
sane source conbination and the sane data treatnment as those
in the previous exanple. The chi-square values for the
concentration nethod were cal culated with chi-square testing
program descri bed in Appendix B. The chi-square matrix is
given in Table 27. It shows that the chi-square val ue
decreases when the aging tine increases and no optimum chi -
square value exists. The results indicate that the decay

times can not be determned only with chi-square criteria

when concentrati on nethod i s used.

The normalized concentration nethod was al so used to
test this data set, and the resulting chi-square matrix is
given as T"ble 28. A mninum chi-square value is obtained
at 150 mnutes decay for wood PAH and 4 5 mnutes for
gasoline. The estimated source contributions were 51.2
ug/m” for wood and 52.3 ug/mfor gasoline. The errors are
28% for wood and 13% for gasoline. These results show the
chi-square criteria can be used independently for source
decay tine selection when the normalized concentration
method is used. Therefore, the normalized concentration

met hod may be a better choice for the ambient studies.
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Tabl e 27: Chi-square matrix with concentration mnethod

Gasol i ne

Wood Aging Time (m nutes)
30 45 60 90 120 150 180 210
30 9. 52 5. 03 2. 68 1.01 0. 63 0. 48 0. 37 0. 26
45 5. 99 3.31 1.79 0.75 0. 57 0. 48 0. 38 0. 28
60 3. 40 1.94 1. 09 0. 59 0. 57 0. 53 0. 43 0. 32
90 1. 01 0. 57 0. 39 0. 50 0. 69 0. 70 0. 58 0. 43
120 0. 32 0. 18 0. 20 0. 50 0.77 0. 82 0.71 0. 54
150 0. 12 0. 09 0. 14 0. 45 0. 75 0. 84 0. 76 0. 60
180 0. 06 0. 06 0.11 0. 37 0. 64 0. 76 0.73 0. 61
210 0. 04 0. 04 0. 09 0. 27 0. 49 0. 62 0. 63 0. 56
Tabl e 28: Chi-square matrix with normalize concentration
met hod
Gasol i ne
Wbod Agi ng Time (m nutes)
30 45 60 90 120 150 180 210
30 3. 23 2.52 2. 00 1.67 2. 08 2.78 3. 49 4. 07
45 2. 20 1. 66 1. 30 1.19 1.73 2.51 3. 25 3. 79
60 1. 56 1.12 O, 86 0. 96 1. 65 2. 55 3. 34 3. 99
90 0. 84 0. 54 0. 45 0. 92 2. 01 3. 27 4. 37 5. 21
120 0. 49 0. 31 0. 37 1. 24 2.84 4. 60 6. 11 7.23
150 0. 33 0. 24%* 0. 45 1. 74 3. 87 6. 20 8. 22 9.72
180 0. 29 0. 30 0. 62 2. 28 4. 92 7. 84 10. 27 12. 34
210 0. 30 0. 38 0. 82 2.82 5. 88 9. 35 12. 32 14. 67

Anbi ent nodel

I n the anbi ent atnosphere, particles are collected with
di fferent decay signatures at the receptor site because
wood, diesel, and gasoline em ssions conme from area sources.
However, an area source j can be represented as an aggregate
of a | arge nunmber of point sources q. For such an
aggregate, the concentration of conpound i contributed by

area source | at the receptor site can be expressed as
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f ol | onwed.

C(i,j) = SUM S(q)*F(i,j)*EXP(-K(i)*t(q) ) ag=I tor
where C(i,j) is the concentration of conponent i
contributed by area source j. S(q) is the source
contribution of each individual point source, and is

conposed by total nunber of r individual point sources.

| f source j is a single point source, the C(i,j) wll be

i, i) = S(i)*F(i,j)*EXP(-K(i)*t(j)

Because the area source expression can not be
sinplified to a single point source expression, i.e. a first
order decay function of an average decay tinme. Therefore,

t he decay factor in the chanber nodel cannot be directly
transferred to the anbi ent atnosphere. Friedl ander (1981)
suggested that a continuous stirred tank reactor (CSTR)
nodel, in which reactants i ntroduced into the CSTR

i medi ately reach a uniform concentration, can be used to
interpret the source m xi ng phenonenon. The decay factor

been used in equations [6] and [7] is given by

alpha(i) =1/ (1 + K(i)*theta)
where: theta : the average residence tine in CSTR

K(i) : decay constant for conpound
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Case studi es

The data fromtwo studies (Mguel et al. 1989, Sexton
et al. 1985) were used to test the CVMB PAH npdel with CSTR
decay factor. |In these two studies, anbient PAH data were
taken and source apportionnent were estinated by CMVB
techniques with different tracers. One study investigates
t he conbi nati on of gasoline and di esel em ssions, and the
ot her investigates a conbinati on of wood conbusti on and
vehi cul ar em ssi ons. Si nce the normali zed concentrati on
met hod provides an effective source pattern identification
and residence tine determ nation. This nethod was exan ned
with PAH data shown in these two studies. The source
patterns for three combusti on sources were characterized in
previ ous section with PAH data from chanber studies and are
listed in Tables 4 and 5.

To cal cul ate PAH decay constants, one needs to know the
average sojLar intensity in cal/cmt. mn and the water vapor
concentration (Kanens et al. 1988). Because these data were
not directly available, these paraneters were estimted from
ot her sources. The residence tine was first determ ned by
m ni m zing chi-square in the chi-square test. The nass

contributions were then calculated with source profiles and

sel ected residence tine.

Vehi cul ar i npacted airshed

Data for the first case, naned case 1, was obtai ned
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fromthe R o de Janriro aerosol characterization study of
Mguel et al. (1989). The site was |located in the
nei ghbor hood of a m xed residential -commercial area and was
i nfluenced by heavy traffic. Al 12-hour TSP sanples were
collected with a H -Vol sanpler using quartz fiber filters.
Aut onoti ve source sanples were collected in tunnel test.
PAH conpounds, el enental carbon (EC) and vol atilizable
organi ¢ carbon (VOC) were anal yzed with HPLC and t her nal
evol ution nmethod. The vehicul ar em ssion was acknow edged
to be the major source of particul ate PAHs, because the
receptor site and tunnel had siml|ar PAH concentration
patterns and the sanme PAH ratios (i.e. BaA to BaP, BkF to
Ind, and BgP to Ind.) existed in the tunnel and anbient
sanples. Different kinds of tracers were used in the M gue

et al.'s study to estimate vehicular contribution. They

esti mated vehi cul ar contri bution to be 24% with EC and VOC

tracers, fhis agreed with a contribution, 21% obtai ned
when they used BkF, BgP and Ind as tracers. However, when
M guel et al. used BaA or BaP as tracer they underestinated
the vehicular contribution. Data presented in this study
strongly suggest that the underestimation can be attributed
to chem cal degradation since BaA and BaP are very reactive.
Because the PAH are contributed predom nantly by autonobile
em ssions in this case, the anbient nodel with normalized

concentration nethod may be used to differentiate gasoline

and di esel exhausts.
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For the data in case 1, we assuned a 12 hours average
solar intensity of 1 cal/cmt. mn because in southern Arerica
like Florida the 24 hours average solar intensity was 0.3 to
0.4 cal/cmt.mn. inwnter (Ruffner and Bair 1981). The
wat er vapor concentration was assuned to be 10 g H20/ nf
because the average tenperature during sanpling period was
21.5 degree C. Decay constants were then calculated with
t hese par aneters. Measur ed PAH and cal cul at ed PAH at
receptor site are shown in Table 29. Seven PAH conpounds
are used for the differentiation of gasoline and di esel.

The source signatures shown in Table 5 were used. To
determ ne the residence tine, chi-square val ues were

cal culated with 8 residence tines, between 0 and 300

m nutes. Table 30 shows chi-square val ues and esti mat ed
source contri butions for each residence tine.

According to Table 30, the m ni mum chi - square val ue
occurs at ?0 mnutes. The short residence tine indicates
that the source profiles have a near fresh conpositiona
signature. This may explain why the results using carbon
tracers are closely consistent with the results using
BkF/ I nd/ BgP tracers. This gives an estinmated PAH
contribution fromboth gasoline and di esel of 10.94 ng/ m.
The neasured PAH was 10.2 3 ng/m, and the difference from
the estimation is 7% only. The cal cul ated PAH

concentrati ons shown in Table 29 were cal cul ated as the sum

of all the products of PAH concentration from each source
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and the correspondi ng source signature.

The PAH source signature of 30 mnutes residence tine
was then used to cal culate source contributions. The source
contribution are 11.66 ug/ mfor gasoline engine exhaust,
and 2.62 ug/m for diesel engine exhaust. The conparison of
results are shown in Table 31. The PAH concentration (i.e.
total mass concentration of 7 PAH conpounds) for the CMVB
results by Mguel et al. (1989), are calculated as the sum

of the product of source contribution and tunnel's PAH

profile.
The CSTR nodel results for the 7 PAH tracers are in
good agreement with the measured PAH contribution for the

sane 7 PAH tracers. A value of 17,3% of the TSP was

estimted for vehicular emssions using this technique.

This is lower than the 24%contribution obtained from carbon
tracer method, or 21%from BkF, BgP,and Ind tracers mnethod.
The reason] for the difference may be the existence of 10 to
20 percent of ethanol vehicular fleet at the site. Ethano
vehi cul ar emssion can not be predicted with gasoline or

di esel em ssions, but the source profile obtained from
tunnel tests can predict the signature including ethano

vehi cl es.

The ratio of gasoline vehicles contribution to diesel
vehicles is 4.45 by CSTR model . Considering the 70-80% of
gasol ine and 8-10%di esel vehicular fleet at the site, the
ratio may be reasonabl e because of the high emssions for
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di esel vehicl es.

Tabl e 29: Case 1 PAH concentrations at receptor site
and cal cul ated resul ts**

PAH Recector site Cal cul at ed
(ng/m +- sD) (ng/ ')
BaA 0. 53 +- 0. 224 0. 76
Chry 1.17 +- 0. 498 1.70
BbF 1.18 +- 0. 420 1.28
Bk F 0. 51 + - 0. 163 0. 67
BaP 1. 35 + - 0. 571 1.45
BgP 3.75 +- 1.24 3. 69
1 nd 1.74 + - 0. 546 1. 39
Tot al PAH = 1A 0. =233 1 0O0O. 49
* EC 7280
\V(e o 6840
* EC : elenental carbon

VOC : vol atilizable organic carbon
** the cal cul ated results based on

normal i zed concentration nmethod with reactivity
correcti on based on CSTR nodel

Tabl e 30: Result of case 1 chi-square test

Resi dence Ti ne PAH Contri buti on** chi - square
(min.) (ng/nt')
Gasol i ne Di esel
o . == 3.17 0. 010
a = = == 2.73 0. 0074
=0 =. s 7 2. 37 0. 0069
S O S, O 1.82 0. 0080
A =0 S, &= 1.15 0. 0095
A so0o S. o977 0.76 0. 011
=20 1O. 19O 0.51 0. 011
BO0O 10O. A= 0.71 0. 013

m ni rum chi - squar e
** total of 7 PAH compounds
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Tabl e 31: CSTR nodel result conpari son

Sour ce Tracer used PAH( 7 conpounds) Sour ce
Contribution Contributionf%
(ng/ro) (ug/ m)
CSTR nodel BaA, Chry, BbF, 10.94 14.28 (17.3)
BkF, BaP, BgbP, (G : 11. 66
I md. D : 2. 62)

M guel (1989) BbF, BgP, I nd 12. 06 17.6 (21)
A\ V(& & EC 13. 70 20. O (24a)
BaFP 7. 13 10. a (13)

BaA 7.3 3 10. 7 (13D
rmTrEeEaAasS unr e d A OO . = = ==

* average measured TSP | oading =82.6 ug/mn

Wod snoke i npacted airshed

Data for the other case, case 2, was obtained froma
wood- burni ng community aerosol study in Waterbury, Vernont
(Sexton et al. 1985). The community of Waterbury is nostly
residential, with no large industrial sources and few
conmer ci al i establ i shnents of any size. Wthin residentia
sections of Waterbury, wood conbustion is likely to be the
maj or source of winter aerosol. The study was conducted to
estimate the inpact of wood conbustion from January to March
1982. Al 24-hour Hi-Vol particul ates sanples were
collected on quartz filters for PAH analysis with GC/ Ms.
Di chot onous particul ates sanples were coll ected on Tefl on

filters for elenental constituents determ nation with an

X-ray fluorescence spectroneter. |In this study, the

contribution of vehicular emssions, 2.3 ug/m, was


NEATPAGEINFO:id=187A3713-5F0A-49C4-A6A8-350FD5FA7A74


90

deternined by a single elenent, Br, in the CVvB nodel. The
i mpact of wood conbustion, 10-16 ug/m, was obtained by the
authors fromthe total nass of fine fraction by subtracting
t he vehicular contribution and the inpact of poll utant
transport from upwi nd sources. Meanwhile, factor analysis
was carried out to develop factor patterns from el enent al
data. Factor 1 was significantly related to K, Br and Pb.
This factor appears to be dom nated by contri bution from
wood burni ng and autonotive exhaust. Using this factor
pattern, at | east 70% of the variance in individual PAH
concentrations can be explained. Therefore, |ocal sources,
i.e. residential wood burning and autonotive emni ssions, are
the maj or determnm nants of ambi ent PAH concentrations in

WAt er bury.

In the analysis of this study, a conbination of three
sources, i.e. wood combustion, gasoline and di esel engine
exhaust wa™ used. Source signatures for these three sources
shown in Tables 4 and 5 were used. Si nce our nodel does not
work well with all three of these sources, gasoline and
di esel engi ne exhausts were conbi ned i nto one category
cal l ed vehi cul ar exhaust. This gave only two sources.

Based on the study in Portland, Oregon (Javitz et al. 1988),
the ratio of gasoline to diesel engine exhaust is assuned to
be 2. Vehicle source profile was generated by addi ng the

profiles of gasoline engi ne exhaust and di esel engi ne

exhaust with the rati o of 2.
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The average tenperature was -7 oC during the study.
According to Ruffner and Bair (1981, 1985), the average
relative hunmidity (RH) in Vernont was 60-70% from January to
March, and the average solar intensity in the winter was 61
Wnt at Caribon, Maine; and 66 Wnf at Boston, Mass.
Therefore, 65% RH or 1.9 gH20/m at -7 oC, and 0.1
cal/cm. mn as an average solar intensity were sel ected.
The solar intensity was the average of the dark and |ight
hours. The decay constants of PAHs were cal cul ated with
t hese neteorol ogical paraneters and are listed in Table 32.

The concentration of nmeasured PAH and the correspondi ng

estimated PAH are listed in Tabl e 33.

Tabl e 32: PAHs decay constant for case 2 study

PAH decay constant (1/mn.)

BaA 0. 000436

BaP 0. 000456

Chry 0. 000129

BeP 0. 000129

I nd 0. 000061

BgP 0. 000133

Cor 0. 000061
Tabl e 33 Case 2 PAH concentrati on
PAH Concentration (ng/nt)

nmeasured__ cal cul at ed

BaA 1.2 +- 26 1. 21
BaP 0.8 +- 16 0. 82
(:hry 1.9 + - 43 1 45
BeP 0.9 +- 0. 27 0 83
I nd 1, +- 0. 29 1 30
BgP 1, +- 0. 27 0 96
Cor 0, +- 0. 08 0 31

Tot al PAH = 7.1 6. 88
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Seven conpounds, BaA, BaP, Chry,

Cor, were used for

t he chi -square val ues for

BeP,

I nd, BgP, and

the | east square fitting.
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Tabl e 34 shows

residence tinme up to 2520 m nut es.

The chi-square val ue reaches its mninmum at 1560 m nutes.

Thi s gives an estimated PAH concentrati on from both sources

of 6.88 ng/m.

the di fference bet ween neasur enent

The total neasured PAH was 7.1 ng/ni, and

and estimation is

3%

The estimated source contributions are 9.64 ug/n* for wood

conbustion, and 1.04 ug/m for vehicle emssion. The

conpari son of

results

Tabl e 34: Case 2 chi-square test

Resi dence Ti ne

(m nutes)

840
1080
1320
1560
1800
2040
2280
2520

*

PAH Contri buti on

(ng/m)

wWbHod

. 84
. 81
m nl mum Ch. L- squar e

aoaoaaoao
©
'_\

are shown in Tabl e 35.

results

chi - squar e

Vehi cl e

coooopkRERE

. 37

09

.04
. 00

96

. 94

92
90
88

*

OO0OO0O0O0O0OO0O0O0

. 0292
. 0135
. 0120
. 0112
. 0109
.0111
. 0117
. 0124
. 0134
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Tabl e 35: Case 2 result conparison

Sour ce Tr acer used 7 PAH Sour ce
Contri buti on Contri buti on
(ng/m) (ug/ nt)
W, V w V
CSTR nodel BaA, BaP, Chry, 5. 91 0. 96 9. 64 1.04
BeP, | nd, BgP,
Cor
Sext on( 1985) Br 7. 10(total) 2.3

A — ot her s 1A 0- 1.6

* W residential wood conbusti on
V: vehi cul ar em ssi ons

Tabl e 32 shows that the reactivity of PAHs are very
low. Therefore, the estimated PAH contri butions, obtained
fromthe signatures with residence tinme of 1560 m nutes, are
not significantly different than those fromfresh signature.
The results suggest that fresh signature nay be used for
source separation in the winter time like the situation in
case 2. The least square fitting with PAH conpositional

signatures is in good agreenent with the neasured data. The

source contri butions from CSTR nodel are | ower than those
from Sexton's net hod. Possi bl e reasons for the difference
are as follows: (1) The emssion intensity is a site
dependent paraneter. The higher emi ssion intensity used in
source profiles will yield an underestination. The em ssion

intensity for wood conbustion have been corrected to 1/4 of
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the intensity from chanber studi es. But, a full know edge
of the site still is crucial for sources identification.

(2) Basically, the CSTR nodel is equivalent to a sinple

at nospheric box nodel with fixed inversion |lid (Friedl ander
1981). Usual ly the inversion heights and wi nd speeds are
different at day tinme and at night. Meanwhi | e, the vehicle
em ssions are usually emtted nore at rush hours in the day
time, and residential wood combustion sources enissions are
hi ghest at night. Thus, the 24 hours sanpling nay
contribute to the disparity between neasurenent and
estinmation. (3) Meteorol ogical paraneters are influential
in CSTR nodeling. Usually, the absolute hunidity nay not
make a | arge change over 24 hours sanpling period, but
sunlight intensity does.

The CSTR nodel is not very accurate for 24-hour
sanpling periods because the diurnally varying sol ar
intensity pust not be represented as a single 24-hour
average. In the case study, if we use 0.2 cal/nt. mn.
instead of 0.1, the decay constant of BaP change from
0. 000456 to 0.000886. The source contribution change from
9.64 ng/nt contributed by residential wood combustion to
9.68 ng/m. The change for vehicular em ssions woul d be
from1.04 ng/m to 1.21 ng/m. In addition, if we assumed
t hat wood soot was generated primarily at ni ght and
vehi cul ar soot was generated during day, a solar intensity

of 0.1 cal/m.mn. for wod and 0.4 cal/m.mn. for vehicles
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were used. W obtained 9.6 ug/m for wood and 1.49 ug/ m

for wvehicl es. This shows that the contri buti ons from wood
conmbustion are al nost the sane, and the contri bution of
vehi cl e exhaust increase with higher solar intensity. This
may nean that vehicle exhaust predom nantly incline to be
exposed to higher sunlight intensity. Therefore, the
enission intensity may be the main reason for the difference
of wood contribution, and the difference of vehicles
contribution may be attributed to enmission intensity, the
ratio of gasoline to diesel, and sunlight intensity.

The results fromthe two case studies indicates that
t he nmet hod of using normalized PAH source sighatures can
provi de a reasonabl e source pattern differentiation for
conbusti on sources. The characterized source patterns and
sufficient neteorol ogical parameters are two essenti al
paraneters. Good estimation of source contributions are,
however, s|:rongly influenced by using representative
emi ssion intensities. The nethod of conbi ni ng gasoline and
di esel exhausts into one category can be a practicable

technique in the condition of wood snoke i npacted airshed.
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V. SUMVARY ANMD CONCLUSI ON

Condition i ndex and CVB perfornmance testing program
provi de a techni que of tracer selection. In PAH conpounds,
t he BaA group and the 9 conpound group as tracers in CMVB
nodel gave simlar perfornance for conbusti on sources
identification. |In the conbinations of two sources (WG
G D, and WD), reasonabl e worki ng ranges were provi ded by
t hese two group. Unfortunately, the three sources
conbi nati on can not be separated effectively with these two

groups of PAH tracers.

Source characterizati on i ndicated that PAH eni ssi ons
from conbusti on sources can be characteri zed as a basic
source pattern with different em ssion intensities. The
perfornmance of CVMB npbdel with PAH tracers can be inproved by
usi ng these characterized source patterns in terns of
normal i zed concentrati on net hod.

When PAH reactivity was introduced, a CVMB nodel with
CSTR decay factor was used to i nprove nodel predictions.

The residence tine was firstly deternined by chi-square

m ni m zi ng nmethod using the normalized concentrati on nethod.

The source contri buti ons were then cal cul at ed. Thi s

approach was exam ned with two case studi es.
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The results of case study 1 showed a reasonable
separation of gasoline and diesel fueled vehicles. The
difference of 4% in cal cul ated vehicul ar contribution from
the results by Mguel et al. (1989) can be attributed to 10
to 20 percent of ethanol fueled vehicles fleet at the site
whi ch cannot be predicted effectively by gasoline or diese
fuel ed em ssion pattern.

In a second case study, which was inpacted primarily by
wood and gasol i ne em ssion, the estimated contributions from
CMB nodel were |ower than those predicted by Sexton et al.
(1985). Two possible reasons for the difference are: (1)
em ssion intensity: The intensity for residential wood
conbusti on derived from chanber studi es does not reflect the
PAH source signature in this area. An inprovenment of source
signature by nodifying this signature of chanber studies
with data from other anbient studies gave a nore reasonabl e
result whiph was closer to the predictions by Sexton et al.
(1985). Thus, the site dependent paraneter, em ssion
intensity, has to be carefully considered. (2) A 24 hour
average solar intensity may not be adequate for vehicul ar
em ssions which are emtted predomnantly during day tine. "
This suggests that shorter sanpling periods are needed.

In general, the CVMB nornmalized concentration nethod
with the CSTR nodel gave reasonable predictions in tw case
studies. This shows PAH tracers can be useful in CVB node

to identify conbusti on sources.
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Vi . RECOMVENDATI ONS

The conbustion sources differentiation and contribution
i dentification using PAH tracers are effective for
conbi nations of two sources under some conditions.
Meanwhi | e, case studies show that the normalized
concentration nmethod with CSTR decay factor can be effective
for anbient studies in the condition of two sources. To
i nprove nodel prediction with organic tracers, it is
recomended that the foll ow ng works shoul d be necessary.

1.) Source characterization

To enabl e nore sources to be resolved in organic
receptor npdeling, the source signatures nust be identified
not only with PAH conpounds but also with additional organic
conpounds including al kanes, oxy-PAH, or other derivatives
of PAH  For exanple, C 20 al kane have been found in diesel
exhaust but not in wood conbustion. [Inclusion of this
conpound in the CVB model woul d probably enable 3 sources in
the gasoline, diesel and wood snoke group to be resol ved.
Derivatives of PAH such as oxy-PAH or nitro-PAH which are
nore stable than PAH may be used as source signature
(Kamens et al. 1987, 1989). Meanwhile, Daisey et al. (1986)
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I ndicated that 6-nitro-BaP mght be useful in tracing notor
vehi cl e em ssions because the concentrations of 6-nitro-BaP

In vehicle emssions were about an order of magnitude higher
t han those obtained fromwood burning and a coal -fire

boi | er.

2.) Better decay constant estimation

It is inevitable to include decay constant information
in organic receptor nodeling. A good estimation of the
decay constants, which are used to describe the degradation
of organic conmpound under natural atmosphere and different
substrates, is inportant for effective nmodel prediction.

3.) Adequate sanpl es

Conbustion aerosols predom nantly belong to the sub-
mcron size range. Taking samples in this size range wll
elimnate |:he high contributions fromgeol ogical mterials
and hel p us concentrate nore on combusti on sources.

To reduce the error caused by averaging sunlight

intensity over 24 hours periods, taking day tine sanples and
night time sanples separately is recomrended.
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APPENDI X A

D: \ GAUSS\ REG si mul ate */

Data sinulate with conmbusti on sources PAHs tracer for
CMB nodel */

sinmul ati on base on | og normal distribution */

Nn=100;
seedx=123; seedb=456; seedy=789;
output file = sintest.out reset;

X matrix : source profile */

SVX . standard variation (% of x */
| oadm xo[ 9, 3] =pahcon. dat ;

| oadm svxo[ 9, 3] =vpahcon. dat ;

r : no of elenents to be used */
c : no of source to be used */
r=9; c=3; let s[3,1]=0 O O; /* s[c,l] =*/

let ss[3,1]1=0 0 O;
rommunrl|2|3|4|5|6|7|8|9
col nun=l
x—subnat(xo,0,0),
print " source profile x=" x;
I nx=I n(x);
scx=sunt(x)"';
svx=submat (svxo, 0, 0)
print " CV of X =" svx;
st dx=X. *svX;
sstdgx=l n(svx' 2 +1);
I nnx= | nx- 0. 5*sst dgx;
st dgx= sqrt (sstdgx);
b matrix : source contribution */
svb " . standard variation (% of b */

| oadm bo[ 3, | ] =pahb. dat ;
| oadm svbo[ 3, | ] =pahvb. dat ;
rnune=I1 | 2| 3; / = Nno. =c */
b=submat ( bo, 0, 0) ;
print "source contribution b=" b';
I nb=Il n(b);
svb=submat ( svbo, 0, 0);
st db=Db. *svb;
print "CV of B =" svb';
sstdgb=Il n(svb' 2+l );
I nnb=I nb- 0. 5*sst dgb;
st dgb=sqgrt (sstdgb);

Sinmul ate correl ated source contribution */

| oadm covni 3, 3] =dat avar ;
selrnunell 21 3;
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sel cnun¥l " 2~3;

covm=submat (covm O, 0) ;
si gma=st dgb. *(stdgb' . *covm ;

y=chol (sigm);
a=y' ;
z=rndns(c, n, seedb) ;
v=l nnb+a* z;
sbu=exp(v);

/* Load CV of Y */
| oadm svyo[ 9, | ] =convy. dat ;
svy=submat (svyo, 0, 0) ;
/* Monte Carlo simulation */
i=l; do until i>n;

109

[* create 95% C.I. random nunber matrix for x sinmulation */

Xnunber =0; Xxmat ri x=0;
do until Xxnunber>r*c;
u=rndns(1, 1, seedx);

i f abs(u)<1.96; xmatrix=xmatrix]|u;
xnunber =xnunber +l ;

endi f ;
endo ;

xmat ri x=submat (xmatri x, sega(2,1,r*c), 0);

xmat ri x=r eshape(xmatrix,r, c)
| nu=xmatri x. *st dgx;

I nxu=l nnx + 1 nu
xu=exp(l nxu) ;

[* Normalize sumof Xi to constant

scxu=sunt(xu)"';
nor Xx=scxe/ scxu;
XU=Nor X. * Xu;

/* Sinul ated source contribution */

bu=sbu[.,i];

pri nt

yp=xu*bu

/* Simul ate neasurenent error */

I ny=1n(yp);
sstdgy=l n(svy*2 +1);
I nny=l ny -0.5*sstdgy;
stdgy=sqrt (sstdgy);

/* create 95% C. 1. random nunbermatrix for y

simulation */

ynunber =0; ymatri x=0;

do until ynunber>r;
uy=rndns(1, 1, seedy);

i f abs(uy)<1.96; ymatrix=ymatrix|uy;
ynunber =ynunber +| ;

endi f ;
endo;

"simul ated b="

bu' ;
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ymat ri x=subnmat (ynatri x, seqa(2,1,r),0);
ep=ymatri x. *st dgy;
my=l nny +ep;
y=exp(ny); . .
print "sinmulated y =" y';

/* solve best fromsinulated y with effective variance
CMB net hod */

stdy=(y. *svy)";
let best[3,1]=0 0 O;
iter=0; tol=0.01; naxiter=10; si ndr=0;
do whil e si ndr==0;
ebest =best ' ;
esv=sunt(((ebest.*stdx)*2)e)";
ev=Gsv/ n+st dy" 2;
v=di agrv(eye(r), ev);
/* v=Watson's effective variance */
best =i nv(x' *i nv(Vv)*x)*x"' *i nv(Vv)*y;
re=sunt(abs(best- Gohest' )./ abs(best));
iter=iter+l;

if re <=tol; sindr=l; endif;
if iter >=npaxiter; sindr=l; endif;
endo;
sel =best . >=0;
conp=mni nc(sel);
if comp == 1;
print "best=" best';
rr =abs(bu- best) ;
rs=(bu-best)"' 2;
S=s+rr;
SS=SsSs+r s;
, el se;

rx=selif(x',sel); rx=rx'
stdrx=selif(stdx',sel); stdrx=stdrx';
sindrl =0; iterl =0;
let best[3,1]=0 0 O;
best 2=sel i f (best, sel);
do whil e sindrl ==0;
ebest =best 2-;
esv=sunc(((ebest.*stdrx)"2)"')e;
ev=esv/n + stdy' 2;
v=di agrv(eye(r), ev);
best 2=i nv(rx' *inv(v)*rx)*rx"' *inv(v) *y;
re=sunct(abs(best 2-ebest')./abs(best?2));

iterl=iterl +l;
if re<=tol; sindrl=l; endif;
if iterl>=maxiter; sindrl=l; endif;
endo;
print "best2=" best2';
k=I; j=I;

do until k>c;
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if sel[k,I]=

bestt ,I]-bestZ[J, 1;
endi f ;
k=k+l ;
endo ;
print "best=" best'; print "sel=" sel’;

rr =abs(bu- best) ;
rs=(bu- best) *2;

S=s+rr;
SS=Ss+rs;
endi f;
i =i+l
endo;
AAE=s/ n;
print "avg. absolute error=" aae';
RVBE=sqrt (ss)/ n;
print "root-nean-square error=" rnsee;

end;
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APPENDI X B

/* Chi-square test programwth different decay tines */
/* I nput data: anbient data ng PAH nm3 */

/* source profile ng PAH/ ug particles */

/* decay constants of PAH 1/ mn. */

/* residence tine m nutes */

/* CVB with CSTR decay factor */

n=l; output file = case27nc. out reset;

r=7; c=2;

col nun¥l " 2;

rownunel | 2| 3| 4| 5] 7] 8;

/* I nput source profile, decay constant, and residence
times*/

| oadm xo[ 9, 3] =pahcon. dat ;

| oadm ko[ 9, | ] =deccon. dat ;

|l oadm to[ 8,1 ] =t heta. dat;

| oadm svnxo[ 9, 3] =vpah9nc, dat ;

| oadm svyo[ 9, 1] =convy. dat ;
Xx=submat ( xo, rownum col num ;
k=submat ( ko, O, col nun ;
svnx=subnmat ( svnxo, rownum col num
svy=subnat (svyo, rownum O0) ;

/* I nput anbient data */

let y[7,1]=1.20.81.90.91.01. 00. 3;

xl=x[.,1];
x2=x[., 2];
i =l; chimat=0;
do until i>8;
tl=to[i,.];
dfl =1/ (1 +tl *k); /* decay factor for source 1 */

dxl =df | . *xI ;
sdxl =sunt(dxl);

/* Normalized concentration profile */
ndx| =dxl| / sdxl ;

j=i;

do until j>8;

t2=to[j,.];

df 2=/ (1 +t 2* k) ;
dx2=df 2. *x2;

sdx2=sunt(dx?2) ;
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ndx2=dx2/ sdx2;
nx=ndxl| - ndx2;

st dx=nx.* svnx;

stdy=(y. *svy)"';
[* CMB effective |east square fitting */

| et bestlz I6:0 0 ; , ,
iter=0: tol=0.01; inaxiter=10; sindr=0;
do while sindr==
ebest =best ¢ ;
esv=suinc (((ebest. * svnx) ' 2) ") ' ;
ev=esv/n +stdy*2;
v=di agrv(eye(r) ev); .
best =i nv{nx *|nv(v)*nx)*nx'*|nv(v%*y;
re=sui nc(abs(best-ebest"') ./at»s(best)) ;
iter=iter+l;
if re<==tol ; sindr=l; endif;
if iter>=inaxiter; sindr=l; endif;
endo ;

/* cal cul ate chi-square value */

expect =suinc ((best' . * nx) o)
chi sg=sui nc (y-ex?ect) *2.1ev') ;

chimat=chiinat | chisq
print “sourcel i.d.=" i;
print "source2 i.d.=" j;
print " b estimted= " best';
print "chisq =" chisq
j =)
endo;

i =i+

endo;
chiniat=submat (chin\at,se agz 1, 64) ,0) ;
chi i nat=reshape(chiinat, 8, 8) ;
print "chisquare matrix";
print chimat;

end;
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